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Abstract. 
2. 
In order to resolvo some anomalies encountered between the results 
obtained by different workers on the cold work peak of hydrogen in steels, 
internal friction measurements have been made on deformed iron-nickel- 
hydrogen alloys and iron-nickel-carbon-hydrogen alloys. A thorough 
investigation has been carried out on Schoeck's model for the cold work peaks 
and the theory extended to cover the behaviour of the cold work peak below 
the concentration at which peak saturation is attained. It is shown that 
the characteristics of the hydrogen cold work peak in iron alloys then follow 
Schoeck's model and that the apparent discrepancies reported by different 
research workers can also be explained on the basis of this model. 
Measurement of the diffusion coefficient of hydrogen at subzero 
temperatures has boon carried out using a mass spectrometer, and the results 
obtained are shown to be identical with those calculated from internal 
friction measurements. Calculations based on these results are used to 
obtain the binding energy of hydrogen to dislocations(7.5+ 0.5 k cal, /molo), and' 
activation energies for the cold work peak (1.3 + 0.5 k cal/mole), for bulk 
diffusion (9.5 +1k cal/mole) and for diffusion in undeformed iron-nickel ow 
alloys (2A + 0.5 k cal/mole). 
A study of pock broadening has boon used to give a new interpretation for 
the activation energy of the cold work peak, and to arrive at a more detailed 
mechanism responsible for this peak. 
A perk due to carbon in the iron-nickel-carbon alloys, hitherto not 
reported, has boon identified at about 216°K and some likely mechanisms 
responsible for the perk crc proposed. 
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1. Introduction. 
17. 
The main emphasis in the present work is on the explanation of the 
apparently contradictory behaviour of the cold work peak with respect to 
changes in the concentration of hydrogen, reported by various research 
workers (Sturges & Miodownik, 1969; Miodownik & Sturges, 1969; 
Gibala, 1966,1967,1968,1974; Ino & Sugeno, 1968). The peak 
temperature was found to increase with peak height by Gibala, whereas 
similar experiments performed by Sturges & Miodownik indicated the peck 
temperature to be independent of the peak height. The explanations put 
forward by the two groups of authors also differ considerably over a number 
of fundamental issues, including particularly the distribution of hydrogen in 
the vicinity of dislocations, and the present work gives a rough estimate of 
the enhanced solubility of hydrogen due to the presence of dislocations. 
Both types of behaviour have boon reproduced for the hydrogen cold work peak 
in iron-nickel alloys under controlled conditions and this has led to a 
satisfactory interpretation of all the experimental work available in this 
field. 
In view of the number of overlapping areas, the literature has boon 
divided into four sections: 
(i) A survey of the previous experimental work on the cold work perks. 
(ii) A summary of the existing theories of the cold work peak. 
(iii) The main features of the interaction between the dislocations and 
impurity atoms. 
(iv) Internal friction po^ks in iron-nickel alloys, with special 
reference to peaks duo to carbon in these alloys. 
The literature review is followed by a summary of the present experimental 
work, which is divided into two sections: 
(i) Internal friction experiments. 
(ii) Measurement of hydrogen diffusion coefficient using mass 
spectrometer. 
Implications of the results are discussed in conjunction with the results 
from previous work, and the main conclusions arrived at are summarised in 
section 9. The appendices include some theoretical derivations, results 
18. 
from which rro used in. the text; :1 list of computer programmes 
developed by the author for the present work is also included in the 
appendices. 
19. 
2. Phenomenolo ical features of Cold Work Peaks. 
The presence of dislocations in a metal affects the internal friction 
in many ways, and in addition to increasing the background, may give rise 
to one or more of the following reported types of peaks: (1) The Bordoni 
peak (Bordoni, 1949; Niblett, 1966), (2) The Niblett-Wilks peak, (3) The 
Hasiguti peaks (Hasiguti, 1953) and (4) The Köster (Köster et all 1954) or 
cold work peak. The cold work peak has a characteristic difference from 
the other peaks in that the peak height increases when the impurity level 
is increased, whereas for other peaks the opposite is the case. Excellent 
reviews of general dislocation damping have been given by Niblett & Wilks 
(1960) and by Burdett & Queen (1970), and for the purpose of the present 
work only the cold work peak will be considered in detail. 
2.1. The Hydrogen Cold Work in Iron. 
Weiner & Gensaurer (1957) were the first to report cold work peak duo 
to hydrogen iii deformed steel. Hydrogen charged specimens, when deformed, 
showed a peak at about 105°K, while ageing at 300°K for one day caused the 
peak to disappear. In annealed specimens, it took four days for the peak 
to grow to its full height; further ageing at 300°K reduced the peak heights 
removing the peak altogether after 19 days. The maximum peak height in 
strained and in annealed specimens was the same, while strain apparently 
accelerates the entire process. Chang & Gensamer (1953) had earlier 
reported traces of such a peak at about 100°K in hydrogen charged, annealed 
specimens of iron containing 0.02% carbon, where a small peak was also 
found at 100°K prior to hydrogen charging; ' the peak height reverted to this 
value after the removal of hydrogen from the specimens. Heller (1961) 
reported the existence of the hydrogen cold work peak at about 110°K in 
20. 
relatively pure iron! while Hermant (1966) observed a cold work peak at 
about 130°K. In the latter case, the peak temperature decreased as the 
peak decayed, and was completely suppressed by an addition of 0.001% carbon. 
In some of his specimens, the peak was very high carbon precipitation was 
observed in such specimens. Cracks were also observed in some of the 
specimens after hydrogen charging. The existence of an additional peak at 
about 170°K can be inferred from the shape of the peak. 
Extensive study of hydrogen cold work peak in iron was carried out by 
Gibala (1967) at a frequency of oscillation of 80 k cycles/sec. The level 
of cold work in the specimen was varied from 2% to 90%, and the peak height 
was found to increase with increase in the degree of cold work (Fig 1a), 
whereas the peak temperature was found to decrease with an increase in cold 
work (Fig gib). An increase in concentration of hydrogen increased both 
the peak temperature and the peak height (Fig 2). Hydrogen concentration 
was changed by out-gassing hydrogen by holding the specimens at a higher 
temperature. 
All the peaks reported by Gibala were broader than the corresponding 
single relaxation peaks. Assuming lognormal distribution of relaxation 
times (Nowick & Berry, 1961), Gibala found that the peak broadening was 
more sensitive to cold work than to hydrogen concentration (Fig 3). Fig 4 
shows a comparison between the experimental results and the theoretical 
values calculated from the lognormal distribution Of ro3. axcstinst times for 
a typical peak (G11min, 1967). 
A study of the Snoek peak in conjunction with the cold work peak 
enabled Gibala (1967) to estimate the relative concentration of hydrogen in 
sites at the lattice and at the dislocations. He determined the activation 
energy of the cold work peak to be 8.4 k cal/mole. 
Using controlled out-gassing of hydrogen, Sturges & Miodownik (1969) 
showed that the peak height was proportional to the total concentration of 
hydrogen in the specimen (Fig 5). The diffusion coefficient of hydrogen 
in iron was determined at different temperatures and the activation energy 
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Fig. 4. Description of the cold work peak in terms of lognormal 
distribution of relaxation times (Gibala, 1967). 
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for diffusion was calculated to be 7.5 + 0.5 k cal/mole, by plotting 
the logarithm of the diffusion coefficient against reciprocal of temperature. 
The temperature of the peak (1110°K) did not vary with changes in hydrogen 
concentration (Fig 6). As with Gibala's results, the peaks were broader 
than the corresponding single relaxation peaks, and the peaks appear to be 
symmetrical. 
Summar : Thus the main features of the hydrogen cold work, peaks in 
iron alloys can be summarised as follows. 
1. The peak height increases linearly with an increase in hydrogen 
concentration (Fig 5). 
2. The increase in peak height with cold work is approximately linear 
(Fig 1a). 
3. The cold work peak temperature decreases, as the amount of cold work 
is increased (Fig 1b). 
4. Changes in peak temperature with concentration of hydrogen are 
highly sensitive to the'actual composition (Table I), the two extreme 
behaviours being illustrated in figures 2 and 6. In the former, the 
peak temperature increases with concentration, whereas, in the latter, 
the peak temperature is independent of concentration. 
5. All hydrogen cold work peaks in iron alloys are broader than the 
corresponding single relaxation peaks. The peak broadening is more 
sensitive to cold work than to concentration of hydrogen (Fig 3)- 
6* The experimental results fit well with the values calculated from 
the theory of lognormal distribution of relaxation times (fig 4); however, 
there is a small) systematic deviation of the experimental results from the 
theoretical curve. 
7. The peaks are symmetrical relative to the peak temperature on a 
plot of internal friction vs reciprocal temperature. 
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Table I. Dependence of Peak Temperature and Activation Ener 92 
Hydrogen Cold Work Peak on Carbon and Nitrogen Concentration: 
of Iron- 
Material Frequency Peak Activation Reference 
of test temperature (Tp) energy 
(cps) (k cal/mole) 
Pure iron 2-3 Ageing reduces 7.35 Hermant (1966) 
Tp from 140 to 
115°K 
Ferrovac E 80,000 and Cold work 8.4+ 2 Gibala (1967) 
C-0.004% 240,000 reduced Tp 
N-0.0003% from 220 to 
160°K. 
Ageing reduced ' 
Tp from 180° 
to 145°K 
0.02% C 1,1 « 117 105.120°K - Heller (1961) 
Steel 
Ferrovac E 2-3 Ageing reduces 7.6+ 1 Maringer et a]. 
C-0.009% Tp from 150 (1958) 
N-0.0001% to 123°K 
1020 Steel 20 100-110°K 6 Weiner & Gensamer 
(1957) 
(1) (1) 115°K Chang & Gensamer 
Electrolytic 2-3 (1953) 
iron 
(2) 1020 Steel (2) 100-120°K - 
Iron 0.018%C 1-3 108-112°K 7-8 Sturges & 
- 0.001%N Miodownik (1969) 
ý 
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2.2. Characteristics of Iron-Carbon-Nitrogen Cold Work Peaks. 
Extensive studies of iron-carbon-nitrogen cold work peak have been 
carried out ever since this was first observed by Snoek (1941). At that 
time the only proposals concerning a mechanism, were that the peak was 
related to the migration of carbon or nitrogen atoms from regions of positive 
stress to those of negative stress. This section outlines the important 
features of the iron-carbon-nitrogen cold work peak, and gives a comparison 
with the characteristics of hydrogen cold work peaks. 
Peak Height: e (1948) studied the behaviour of the iron-carbon- 
nitrogen cold work peak, which was observed at 225°C at one cycle/sec, by 
tempering at various temperatures above the peak temperature. The cold 
work peak height decreased as the temperature of tempering was increased and 
disappeared completely when the specimen was recrystallisedi Using the 
frequency shift method, the activation energy responsible for the cold work 
peak was calculated to be 32 k cal/mole. Similar behaviour after tempering 
has been reported by Kaambor. et al''(1961), 'who also showed that the cold work 
peak at 225°C can be obtained by deforming either nitrided or carburised 
iron alloys (Fig 7). 
Petarra & Beshers (1967) conducted experiments to determine the 
mechanism responsible for the decrease in the cold work peak height during 
tempering and concluded that this was due to recovery rather than due to 
thermal redistribution of the impurity atoms. The experiment conducted to 
arrive at this conclusion was as follows. A nitrided, cold worked specimen 
was tempered at a high temperature followed by ageing for a long time at a 
lower temperature. Measurements showed that the cold work peak height was 
characteristic of the higher temperature and ageing at lower temperature had 
no effect. If thermal redistribution were to be the reason for the decrease 
in the height of the cold work peak, ageing at lower temperature ought to 
have affected the peak height; so this clearly indicates that recovery was 
the reason for the drop in peak height. 
Variation of cold work peak height with changes in carbon and nitrogen 
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Fig. 7. Cold work peak in'deformed iron-carbon and iron-nitrogen alloys 
(Kamber et alp 1961). (a) Fe'- C and (b) Fe-N. 
Fig. $. Dependence of the height of the cold work peak at 200°C on the 
total concentration of nitrogen and carbon (K3ster etýal, 1954). ' 
(Numbers on the curves refer to the percentage cold work). 
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concentration and the amount of cold work was first studied by Koster et al 
(1954). The cold work peak height increased linearly with the impurity 
content reaching a critical concentration, above which the peak height 
remained constant (Fig 8). The saturation peak height and the critical 
concentration could, however, be increased by increasing the cold work. 
This behaviour has been interpreted by Koster et al to mean that the specific 
dislocation interstitial configuration causes the cold work peak and any 
excess of either dislocations or interstitials is ineffective. Linear 
increase in peak height with an increase in carbon and nitrogen concentration 
has also been reported by Ino & Sugeno (1967; Fig 9). In addition, they 
observed that the cold work peak height decreased by increasing the 
temperature at which the alloy was deformed (Fig 10). Petarra & Beshers 
(1967) found that the dependence of the cold work peak height on the nitrogen 
concentration can be divided into three parts (Fig 11). The peak height 
increased linearly for low concentration of nitrogen (part 1), reaching a 
saturation value (part 2), as obscrvod by Koster et al (1954). But for still 
higher concentrations the peak height increased (part 3) with nitrogen 
concentration. Part 3 of the curve was explained as due to an increase in 
the dislocation density, resulting from homogeneous precipitation of nitride 
particles within the lattice. A residual cold work peak observed when the 
Snoek peak was absent (Petarra & Beshers, 1967), was explained to be due to 
the draining of nitrogen atoms from the lattice, at very low concentrations 
to the dislocations, as the dislocations offer lower energy sites. 
Linear dependence of peak height with carbon concentration has been 
found in martensite (Chernikova, 1957) and in mixed structures, matensite 
and austenite (Krishtal & Golovin, 1959). Ino & Sugeno (1967) showed, the 
orientation dependence of the cold work peak height to be negligible and 
Petarra & Beshers (1967) found that the grain size had no effect on the cold 
work peak height. 
Pempera Temperature: A linear increase in peak temperature with an increase 
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Fig. 9. Dependence of the cold work peak height in iron-nitrogen-" 
carbon alloys on the total interstitial content (Ino & Sugeno). 
1967). 
Fig. 10. Effect of temperature of deformation on the nitrogen cold work 
peak in iron (Ino & Sugeno, 1967). Deformed at (a) 200°C, 
(b) 30°C and (c) -70°C. 
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Fig. 11. Relationship between the cold'work peak height and the Snoek 
peak height in iron-carbon-nitrogen alloys (Petarra-& Beshers, 
1967). (a) 30.1% deformation and (b) 14.8% deformation. 
Fig. 12. Dependence of the cold work peak temperature on the carbon 
concentration in hardened steels (Krishtal et al) 1959). 
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of carbon and nitrogen concentration has been reported by Mural Tamura 
& Brittain (1961) and similar behaviour has been observed by Cherr. ikova 
(1957) and Krishtal & Golovin (1959; Fig 12) in hardened steels. Petarra 
& Beshers (1967) found a linear dependence for low nitrogen concentrations 
beyond which the peak temperature remained unaffected (Fig 13). Ino & 
Sugeno (1967), however* observed that the peak temperature varied as the 
logarithm of the sum of carbon and nitrogen concentration (Fig 14). They 
also found that the peak temperature changed from 2000C to 2600C for 
specimens with (100> and <110 `) axes. 
Sugeno, Sakamoto & Ino (1963), working on iron-nitrogen alloys, found 
that the peak temperature decreased, when the amount of cold work was 
increased. 
omparison of Carbon-Nitrogen Cold Work Peak and Hydrogen Cold Work 
Peak in Iron: Main characteristics of the iron-carbon-nitrogen cold work 
peak are summarised in Table II; and a comparison is made below with the 
important features of the hydrogen cold work peak. 
1. Peak height: For low concentrations, the peak height increases 
linearly, with the impurity concentration for both iron-carbon-nitrogen 
and iron-hydrogen cold work peaks. Saturation of peak height beyond a 
critical concentration has been observed for iron-carbon-nitrogen cold work 
peak, whereas, such an effect has not been found in the case of iron-hydrogen 
cold work peak. For both peaks the peak height could be increased by 
increasing the amount of cold work, at a given impurity concentration. 
2. Peak temperature: For iron-carbon-nitrogen cold work peaks both 
a linear and a logarithmic dependence of peak temperature with carbon and 
nitrogen concentration have been reported. In addition, above a critical 
concentration, the iron-nitrogen cold work peak temperature was found to be 
independent of nitrogen concentration. For iron-hydrogen cold work peak, 
the peak temperature has been reported to increase with hydrogen concentrations 
by Gibala (1967); an entirely different behaviour, namely, the peak 
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Fig. 14. Dependence of the iron-carbon-nitrogen cold work peak 
temperature on the total concentration of nitrogen and carbon 
(Ino & Sugeno, 1967). 
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Table II. Variation of the Peak Height and Peak Temperature of Iron- 
Carbon-Nitrogen Cold Work Peaks with Concentration and Cold Work. 
Dependence of 
Variable eference 
Peak Temperature Peak Height 
Increase ishtal et al 
in Linear increase Linear increase 1959); Chernikova 
Concentration 1957); Mura et al 
1961). 
Linear increase 
for low 
concentrations, 
Oster et al 
- DO - "- DO - reaching a (1954) 
saturation value 
for higher 
Concentrations. 
Logarithmic Linear Ino & Sugeno 
- DO - increase increase (1967) 
Linear incroa.; o for Linear increase for 
low concentrations, low concentrations, Petarra & Beshers 
reaching a reaching a (1967) 
- DO 
saturation value saturation value 
for high and an increase 
concentrations. again for very 
high concentrations 
Increase Decreases For a given Koster et al 
in Cold concentration, (1954); 
Work. the saturation Sugeno et al 
peak height (1963). 
increases. 
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temperature to be independent of concentration, has been reported by 
Sturges & Miodownik (1969). 
3. Ageing behaviour: In the iron-nitrogen alloys, the decrease in peak 
height after tempering2 is due to recovery; similar work in iron-hydrogen 
is complicated because of hydrogen effusion at temperatures above that of 
hydrogen cold work peak. 
4. Peak broadening: The peak broadening for hydrogen cold work peak 
as reported by Gibala (1967) is very large compared to that of carbon- 
nitrogen cold work peaks in iron. 
2.3. Hydro e, n Cold Work Peaks in Allo 
Substitutional Elements. 
containinR Additional 8 
Maringer et al (1958) investigated the effect of hydrogen charging on 
Ferrovac E (Fe-0.009% C) and on 4340 steel (Fe-0.38% C- 1.75% Ni- 0.75% Cr- 
0.24% Si). In as drawn specimens, a peak was observed at about 140°Kj after 
hydrogen charging for one to ten minutes. The peak observed was relatively 
small, when the specimen was tempered before introducing hydrogen. 
Peterson et al (1967) observed two peaks in hydrogen charged austenetic 
steel (24% Cr, 21% Nit 0.06% C) at 205°K and 225°K, at a frequency of 80 k 
cycles/sec. These peaks grew in size up to five days after charging at room 
temperature and disappeared after ageing for five months at room temperature 
(Fig 15). They tentatively suggested that the 225°K peak might be a cold 
work peak in austenitic structure. Later work showed that 10% deformation 
at 7? °K, decreased the height of both peaks in, hydrogen charged specimens 
(Peterson et al, 1916. 
Kinel et al (1968) detected a peak in hydrogen charged iron-silicon 
alloys at about 160°K using 520 cycles/sec. They calculated the activation 
energy respönsible for the peak to be 5400+ 200 cal/mole. However, they 
obtained, a similar peak, in, specimens strained; 2% and which were not charged 
with hydrogen. (Fig 16). The authors concluded that'the peak was due to 
35. 
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Fig. 16. Cold work peak in silicon-iron alloys (Kinel et all 1968). 
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deformation only, and the peak also appeared after hydrogen charging, because 
hydrogen produced deformation and was only indirectly responsible for the 
peak. 
Summary: Experiments of Peterson et al (1967; 1969) and Maringer et al 
(1958) show that the behaviour of the hydrogen cold work peak in iron alloys 
is not very sensitive to either changes in structure or additional 
substitutional elements. The peak observed by Kinel et al (1968) in iron- 
silicon, could not be compared with hydrogen cold work peaks, because this 
peak was present even in the absence of hydrogen and this behaviour is 
different from a1.1 the other known cold work peaks. 
2.4. The Nature of Cold Work Peaks in other Alloys. 
Examples of cold work peaks in some other systems are given here to show 
that the characteristics of the cold work peaks vary considerably in 
different alloys. 
A cold work peak in tantalum-oxygen system was detected by Schoeck & 
Mondino (1963) at 340°C at a frequency of 0.45 cycle/sec. Variation of the 
cold work peak height with the degree of deformation is shown in Fig. 17. 
The peak height was found to reach a maximum value, which was proportional 
to the initial concentration of oxygen in free solid solution. The 
activation energy for the relaxation process responsible for the cold work 
peak was found to be 36+ 3k cal/mole. The ageing behaviour of the peak 
was studied at different temperatures (Fig. 18), the frequency being 
adjusted in such a way that the peak temperature was always maintained to be 
the same as the temperature of ageing. The decay of the peak height initially 
followed the t2/3 law, the rate being lower at later stages. From this 
data, they calculated the activiation energy for the decay of the peak to be 
equal to 28+ 3k cal/mole which compared very favourably with the value of 
the activation energy for diffusion of oxygen in tantalum, 26 k cal/mole. 
'A cold work peak observed in niobium at 500 °C at about one cycle/sec 
by Boone & Wert (1963) was attributed to the interaction of dislocations with 
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Fig. 17. Variation of the cold work peak height with deformation in 
tantalum-oxygen alloys (Schoeck & Mondino, 1963). Oxygen 
originally in solid solution: (a) 3.5 x 10_3 wt. percent, 
(b) 7x 10`3 wt. percent and (c) 10-2 wt. percent. 
Fig. 18. Ageing behaviour of the cold work peak in tantalum-oxygen 
alloys (Schoeck & Mondino, 1963). 
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clusters of nitrogen atoms; the peak height was proportional to the 
nitrogen concentration. The relaxation strength of nitrogen atomn at 
dislocation sites contributing to the cold work peak height was about ten 
times that at the lattice sites contributing to the Snoek peak height. 
The peak temperature decreased with a decrease in nitrogen concentration, 
and was not very sensitive to the degree of deformation (Fig 19). The peak 
was about 1.5 times broader than the corresponding single relaxation peak. 
The activation energy of the peak was determined to be 48 k cal/mole. 
Lamotte & Wert (1964) made similar studies on Ta-01 Ta-Nj Nb-0 and 
Nb-N cold work peaks. The Ta-0 cold work peak, however, decayed very 
rapidly at the peak temperature and could not be detected after the first 
heating cycle, The specimens had to be aged below the peak temperature to 
study the ageing behaviour. Cold work in the specimens was 50% compared 
to 12% in those used by Shoeck & Mondino (1963). 
Arons et al (1967) observed a composite peak (Fig 20) in deformed 
palladium-hydrogen alloys; the behaviour of this peak was similar to that 
of the iron-hydrogen cold work peak reported by Gibala (1967)6' However, 
this composite peaks ;i consists of two peaks, one at 75°K and the other 
at 105°K (2.7 cycle/sec). Palladium-hydrogen alloy has two F. C. C. phas0s1 
alpha and beta, and these two peaks appear only under the special conditions 
as tabulated in Table III. 
Table III. Peaks in Palladium hydrogen alloys. (Arons et all 1967). 
Phase State of deformation Existence of peaks (2.7 c. i s. ) 
75°K peak 1050K peak 
Alpha Undeformed No No 
Deformed No Yes 
Beta Undeformed Yes No 
Deformed Yes Yes 
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Fig. 19. Effect of deformation on the cold work peak height in niobium- 
nitrogen-alloys alloys (Boone & Wert, 1963). (Nitrogen in weight 
percent shown on the curves). 
Fig. 20. Ageing behaviour of the composite peak due to hydrogen in 
palladium-hydrogen alloys (Arons et alp 1967). (a) As 
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Conclusions: 
ý1) In the case of the Ta-0 cold work peak, the peak height increases 
with deformation, for small values of deformation, reaching a saturation 
value. However, transition from one stage to the other is not as sharp as 
in the case of the concentration dependence of the cold work peak height 
(compare Fig 17 and Fig 8). 
(2) The mechanism responsible for the decrease in the cold work peak 
height in Ta-0 alloys and in Fe-C-N alloys are different. In the former, 
the decrease in the peak height is due to strain ageing whereas in the latter, 
the decrease is due to recovery. 
(3) In the Nb-N alloys, the cold work peak height is independent of 
deformation above 5% (Fig 19), whereas in other cases this is observed only 
above a much higher level of deformation. 
(4) The mechanism responsible for the Nb-N cold work peak is the 
inter-action of dislocations with clusters of impurity atoms, as against 
single atoms in other cases. 
(5) The behaviour of the composite peak in Pd-H alloy shows that it is 
easy to be misled by the apparent similarity in the behaviour of the cold 
work peaks and composite peaks. 
2.5. Conclusions. 
The experimental results given in Section 2 show that, theories put 
forward to explain the cold work peaks have to take into account the 
variation of peak temperature and peak height with 
(a) change in the impurity concentration, 
(b) change in the level of deformation, 
and (c) ageing. 
Although the behaviour of the peak height is nearly the same for many cold 
work peaks, there are some discrepancies in the reported behaviour of the 
peak temperature. Ageing behaviour is very dependent on the alloy system 
and depending on the temperature at which ageing is performed, the dominant 
factor responsible for the observed ageing characteristics may be 
41. 
(a) thermal unpinning of impurity atoms (b) strain ageing (c) recovery. 
A detailed discussion of the existing cold work peak theories is given 
in Section 3; but most of the basic theories may have to be modified to 
explain the characteristics of the cold work peaks in alloys where 
precipitation is found to occur. 
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3. Theories of the Cold Work Peak. 
3.1. General Theor of Internal Friction. ' 
Extensive discussion of the basic theory of internal friction is given 
by Nowick (1953) and Entwistle (1962) and only a few of the basic 
relationships are mentioned here. 
If the strain developed in a body in response to a stress is not a single: 
valued function of stress, then there will be some loss of energy, when a 
periodic stress is applied to the body. If the energy lost per cycle is 
AE 
and the average vibrational energy of the body during the cycle is 
E, then 
Internal friction, Q 1s 2RE 
(1) 
If b9 the logarithmic decrement for the free decay of amplitude of 
oscillation is defined as 
b=n In (AO/An) 
whore A0= initial amplitude of oscillation 
An = amplitude after n oscillations 
then it can be shown that, 
(2) 
Q'I)c s/, R ( 3) 
This is valid only if Q-l is very small compared to ones which is, however, 
usually the case. 
Internal friction arises from one or both of the following: 
(a) An instantaneous internal rearrangement, bringing about a sudden 
change in the level of strain at a particular value of the stress. This 
is sometimes referred to as internal friction due to static hysteresis. 
Some examples of this type of internal friction are encountered in Granato 
& Lake's (1956) theory of unpinning of dislocations and changes in internal 
friction during various types of transformations (Garber et all (i) 1968; 
(ii) 1968). 
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(b) A time lag between stress and strain due to anelasticity (Nowick, 
1953; Stanley & Hughes, 1965). Even when the stress is in the Mastic 
range, a component of the strain called the anelastic strain, is time 
dependent, and therefore is not proportional to the stress. 
c 2, the anelastic strain produced in a body subjected to a constant 
stress aý is given by, 
e2(t) o ý'ti. ' i 
(t) (4) 
where so c2(0) anelastic strain at time t=0 
4 eiIs are time independent positive real 
variables 
'ti(t) =1- exp( -t /T'i) (5) 
Here'tthe'1'ý's are the characteristic constants called relaxation times, 
corresponding to relaxation processes responsible for the time dependent 
anelastic strain. 
3.1.1. Relaxation Strength. 
Relaxation strength ý.. m 
is defined by the following, equation: 
am 
= (MU - MR)/MR 
where ü urrelaxed modulus 
MR = relaxed modulus. 
But by definition, 
mu- 0V rcl+c2(0)) and MR2 ß.. / cl+t2ýdo) 
.. 
where cl elastic strain 
(6) 
, 
Using equations (4) and (5) the above two equations can be written as, 
Mu`G"/Lcl+Co) (7) 
and, [cl+co za ei] (8) 
Substituting this in equation (6) we have, 
o1=1Aci/ [cl+c o3 
(9) 
If, however, time is measured from the instant the stress is appliell then 
Co the elastic strain at time t=0 is zero. - Therefore equation (9) 
becomes, 
AM= I AEi/Cl (10) 
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3.1.2. Single Relaxation Peak. 
In the case of a periodic stress, there is a permanent lag bc. tween the 
stress and the strain. If the lag angle is 0 it can be shown that 
(Entwistle, 1962), 
tan 0 E/(2nE) 
In general 0 is very small compared to one and then, 
bE/(2nE) 0,5/7C (i 1) 
For a single relaxation process, it can be shown that 
Q'l-Am W'i'/ El + (W1' )2] (12) 
where w= angular frequency of the periodic stress 
1' = relaxation time. 
A plot of Q+l against In (w'r) has a maximum at 11 the maximum value 
of Q-1 being 
Qml =ýý2 ax (13) 
(Fig 21). The width W at half the peak height is'an important parameter 
and for a single relaxation peak, W is given by (Stanley & Hughes, 1965), 
W=2 r3 (1 4) 
The best example of a well established single relaxation peak is the Snoek 
peak (Snoek, 1941) due to the reorientation of interstitial impurities in 
free solid solution (Polder, 1945)- 
1.1.3. Peak Broadening 
If the anelastic strain is due to more than one relaxation process, then 
(Nowick & Berry, 1961; Zener, 1948), 
Q`1_Qm cif(-ri) cv i/ [i + (w' ' )2't (15) 
where f() fraction of the relaxation processes 
having as the relaxation time, 
the summation being carried over all the relaxation times and 
where n= number of relaxation processes 
responsible for the anelastic strain. 
45. 
When the relaxation time has a continuous spectrum of values, it is 
convenient to use ln' as the independent variable rather than `T 
itself (Zener, 1948). Thus if -T(ln'1') d(lnY ) is the fraction of 
the total number of relaxation processes, for which the logarithm of the 
relaxation time lies between ln`Y and ln1 + d(lrt r), then, equation (15) 
gives 
I4 
Stý/(lnri) 
w`ý cl + (co Y)23 . d(lnoY) 
(16) 
with 
ý 
Ob 
nt 
ýi^ 
(lnt ) d(ln7') =1 (17) 
too 
For comparison with experiments, it is convenient to write *Y in terms of 
temperature and the activation energy for the relaxation processes. Thus, 
rr = rr 0 exp 
(Q/RT) (18) 
where 'ýro and Q are temperature independent variables 
Q= activiation energy 
R_ universal gas constant 
temperature on the absolute scale, 
Assuming a Gaussian distribution for the logarithm for the relaxation times, 
rT(z) ßý exp 
C-( 
z/0)2 1 
with z= in ( `1"'/ rtý) 
(19) 
(20) 
where Ym = most probable value of the relaxation time 
1/ß = Gaussian distribution parameter 
one can obtain, 
6n = 5/6 p= 
f2(x* P)/f2(0,0) (21) 
where 6n normalized logarithmic decrement 
b= logarithmic decrement at T0K 
6 
p= 
logarithmic decrement at the peak temperature 
T°K 
P 
The parameter x and the function f2(x, ß) are defined by the following 
equations: 
x= (QM/R) 
[1/T 
)- (I/Tp) 
46. 
(22) 
f,, (x)ß) =, A-m 1 exp( - u2) sech (x + t$) du (23) C- <V ýý 
7. %- 
exý 
.. vý 
where Qm= most probable activation energy. 
Equation (21) cannot be solved analytically for ß. Nowick & Berry 
(1961) 
have tabulated the values of f2(x, p)/f2(0, ß) for different values of x 
from ß=0 to p=7. A comparison of these values with the values of 
6n calculated from experimental values using the first half of equation 
(21)t can be used to obtain an approximate value of B. A number of 
corrections have to be applied for an accurate determination of ß; however, 
for small values of internal friction and peak broadening, equation (21) 
gives reasonably accurate value for ß. 
3.1.4. Temperature dependence of Peak Broadening. 
The relaxation time 7' consists of two parameters (see equation 18), 
Q and 'ro. Therefore it is interesting and useful to see how the 
distributions in Q and 'j'o affect the value of the peak broadening parameter 
ß, separately and collectively. For such an analysis two cases may be 
distinguished (Nowick & Berry, 1961). 
Case (a) When the distribution in Q and eý are related to each other r 
through a -common parameter: 
In this case it can be proved that the individual broadening parameters, 
TO for the distribution in In ö and 
ßQ for the distribution of Qý are 
related to the total broadening parameter ß according to the following 
equation: 
ß=ßý"o + ßV(RT) (24) 
Thus a plot of ß against 1/T is a straight line and ß, ß; o and 
0Q can be 
determined from such a plot. 
Case (b) When the distribution in ln'Tr and Q are independent of each 
other: 
In this case if we assume that both the distributions are Gaussian, then 
it can be shown that 
Qý)2 (25) ß2=ßýo+ßý 
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Thus a plot of ß2 against l/T2 is a straight line with slope equal 
to 
(1. /R)2 and the intercept on the l/T2 =0 axis is ß o" 
When ß is independent of temperatures the two cases merge together and 
the peak broadening is entirely due to a spread in the value of 
ýo. These 
features are summarised in Table IV. 
Table IV. Implications of temperature dependence of ß (Nowick and Berr 
1261). 
Dependence of ß on the Broadening is due to Whether the 
temperature, T distribution in distribution in o&Q 
are related to each 
other 
ß independent of T 7r10 ------ 
0 vs l/T is a straight /0 and Q Yes 
line 
ßZ vs 1/Ta is a straigh tö and Q No 
line 
An analysis of this sort can give a good insight into the physical 
mechanism responsible for broadened internal friction peaks. 
32. 
_ 
Cold Worms: Theories. 
Several theories have been put forward to explain the features of the 
cold work peak, described in section 2. An outline of the various theories 
will be given in this section. 
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3.2.1. Theory of Koster Bangert and Hahn. 
Koster et al (1954) were the first to suggest that the cold work peak 
arises due to the interaction between impurity atoms and dislocations. 
According to this theory damping is produced as a result of the migration 
of the solute atoms (at or near the core of the dislocations) to adjacent 
sites, as the dislocations glide under the influence of the cyclic applied 
stress. Neither the exact positions of the dislocation sites between 
which the impurity atoms jump, nor the mechanism of the jumps is specified. 
Several developments based on this theory will now be discussed. 
(a) Relationship between the Snoek peak height and cold work peak height. 
Following the work of Entwistle (1962), let 
Nd = number of available sites at the dislocations for a 
given volume 
nd = number of occupied sites at the dislocations 
N1= number of interstitial sites available apart from 
those at the dislocations 
nl = number of sites filled out of the available Nl 
sites 
Then, neglecting the change in thermal entropies at the two types of sites 
(Inman & Tipler, 1958), 
ncI (Nd nd) = [nl/(Ni nl) ] exp ( EB/kT ) (26) 
where EB = binding energy of the solute atoms to the 
dislocations 
k= Boltzman constant 
This equation can now be used making further assumptions that: 
(i) Concentration (in atomic fraction) of the impurity atoms is small 
compared to unity. 
1ie., nd4' Nd and n1/, N1 (27) 
(ii) The two types of sites are conserved, 
i. e., Nd / N1 = constant. (28) 
ý" 
(iii) Contribution to the cold work peak height by an impurity atom 
at'a dislocation site, is equal to the contribution to the Snoek 
peak by an impurity atom at a lattice site, 
i. e., nd n]. = 6p/6SN (29) 
where by = cold work peak height 
6SIJ = Snook peak height. 
The validity of this equation (29) demands that there be no change 
in the distribution of impurity atoms amongst the two types of sites while 
measurements of cold work peak height and Snoek peak height are being made. 
This, in turn, makes it necessary to quench the specimen from the cold work 
peak temperature after that peak has been measured, in order to measure 
Snoek peak height. Under these conditions one can take temperature T in 
equation (26) as the cold work peak temperature. If, however, peak heights 
characteristic of temperatures higher than the cold work peak temperature 
are needed, one has to quench the specimen from those temperatures to the 
cold work peak temperatures measure the cold work peak height as quickly 
as possible and then quench the specimen to-the Snoek peak temperature to 
measure the Snook peak height. 
The validity of the above assumptions can only'be tested, by comparing 
the predictions based on these assumptions, with experimental results. 
Using relations (27), (29) and equation (26), we have, 
by/ASN = (NdlN1) exp(EB/kT) (30) 
If experiments are performed to measure the Snoek peak height and the cold 
work peak height, taking the necessary precautions as already outlined 
by/ASN can be determined for different concentrations of the impurity atomsl 
at a constant temperature T. Then, bP /bSN is a constant, because the right 
hand side of equation (30) is a constant under these conditions (from 
equation 28). 
i.. ý7 bp a6 SN (31 ) 
(true only for small concentrations) 
This, therefore explains the plots of 6P against 6SN for small values of the 
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peak heights (Figures 8 aria 11). 
The relation (27) does not hold good when the impurity concentration 
is comparable to unity, i. e., near saturation concentration. When all the 
dislocation sites are filled, it naturally follows'that an increase in 
concentration only increases the Snoek peak height and not the cold work 
peak height. However2 increase in cold work increases the number of 
available sites at the dislocations, thus pushing the saturation value 
upwards (Fig. 8). The cold work peak height may still go ups if the 
concentration is high enough to produce new dislocations due to homogeneous 
precipitation (Fig. 11). 
(b) Ageing behaviour: 
Ageing at temperature above the cold work peak temperature initially 
increases the cold work peak height (stage 1), which reaches a maximum and 
then. begins-to-decay (stage 2). In practice, however, one , of these-two -- 
stages may be absent. During stage 11 impurity atoms diffuse to dislocations 
and therefore ndw-increases during this , times thus increasing the cold work 
peak height. This will continue till the equilibrium distribution of 
impurity atoms between the dislocation sites and lattice sites is reached. 
Stage 2 may occur due to one or more of the following reasons: (i) Impurities 
at the dislocations may form stable precipitates, thus decreasing--the number 
of impurity atoms contributing to the cold work peak rheight. (ii) If the 
temperature is high enough, annealing may occur, the value of Nd will decrease; 
equation (28) will no longer hold good and the cold work peak height will 
decrease according to equation (30). (iii) If the impurity is gaseous 
the impurity atoms may diffuse out of the specimen. - This will decrease 91ý 
as well as Ad and therefore decrease both the Snoek peak height and the cold 
work peak height (Sturges and Miodownik, 1969). (iv) If ageing is done 
at a high temperature, thermal unpinning (i. e. redistribution of impurity 
atoms between dislocation sites characteristic of the temperature) may take 
place leading to a fall in cold work peak height. In this case, however, 
the Snoek peak height will increase (Key 1948; Gibala, 1967). These 
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various possibilities are tabulated in Table V. 
Table V. 
_ 
Ageing behaviour of cold work peak and Snoek peak bnsed on 
Köster! s Theo, ry. 
i 
Cold, work peak Snook peak height Reason for the behaviour 
height 
Increases initially Decreases initially, Drift of impurity atoms to 
and reaches a and attains a dislocations 
maximum constant value 
Decreases Decreases or remains Precipitate forms on the 
constant dislocations 
Decreases Increases Recovery takes place 
Decreases Decreases Impurity atoms diffuse out 
(if impurity of the specimen 
is gaseous) 
Peak height Peak height is Thermal unpinning of 
increases as the smaller for lower dislocations 
ageing temperature ageing temperature 
is decreased 
(c) Determination of EB. 
Equation (30) can be 
ln(bp/bS 
But, from equation (28), 
written asp 
ln(Nd/Nl) + EB/(kT) 
Nd/Nj = constant and therefore a plot of 
(32) 
ln(b/8BN) vs 1/T gives a straight line of slope = EB/k. The intercept 
on the l/T =0 axis is equal to ln(NJN1). For carbon in iron) Kamber et al 
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(1961) found the value of EB = 0.5 e. v. /atom (11.5 k cals/mole). 
Assuming that there is one atom site per Eurgers vector diet-r, cý of 
dislocations they calculated the dislocation density from the value of 
ln'(Nd/Nl) obtained from the plot. The value is in good agreement with 
that determined by other methods. 
(d) Peak broadening. 
As the nature of the dislocation sites is not specified in Koster's 
theory, it is hard to draw any definite conclusions about the behaviour of 
the peak broadening with respect to different parameters.. Peak 
broadening can, for example, be attributed to the fact that the 
contribution to the cold work peak height comes from atoms situated on 
dislocation sites which are not in fact identical. Peak broadening can 
be 
due to difference in the binding energies of the impurity atoms at various 
sites surrounding dislocations. Distribution of impurity atoms at these 
sites is such that the maximum number of sites are filled nearest to the 
dislocations the ratio of the occupied sites to the unoccupied sites falling 
off as we move away from the dislocation line. This would imply that 
the 
observed peak is an envelope of a set of peaks due to impurity atoms at 
these nonidentical sites. According to Wert and Marx (1953), the peak 
temperature is higher for the peaks corresponding to more tightly bound 
atoms, i. e., those nearest to the dislocations. The experimentally observed 
peak should fall sharply on the high temperature side of the peak and 
logarithmic decrement vs 1/T plot should be asymmetrical. Fig. 2 (Gibala, 
1967) shows that the Fe«H cold work peak is in fact symmetrical (at least 
near the peak temperature), and the results of Sturges and Miodownik 
(1969) 
show that the peak is approximately symmetrical (Fig. 6). Also we would 
expect the peak broadening to be very sensitive to changes in the impurity 
concentration. Fig. 3(b) (Gibala, 1967) shows that this is not true. 
(e) The Effect of Changes in solute concentration and cold work on 
the Peak Temperature. 
The original Koster hypothesis does not offer any plausible 
explanation for the observed variation of peak temperature with changes in 
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cold work and in concentration] but special variations have baen developed 
which are slightly better in this respect. 
3.2.2. Theory of afuji and Bauer. 
According to this theory, impurity atoms at the dislocations diffuse 
along the dislocations as the dislocations bow out under the application of 
the external stress (Yamafuji & Bauer, 1965). Important features of the 
theory will now be considered below. 
In Fig. 22, A and B are the major pinning points, assumed to be 
immobile, as the dislocation bows out. I1, I21 'n-1 are minor 
pinning points, which always lie on the dislocation, but their distribution 
along the dislocation can change, as the dislocation bows out, and it is 
proposed that these minor pinning points are the impurity atoms responsible 
for the appearance of the cold work peak. The major pinning points are 
either points of intersection of the dislocations or impurity atoms of a 
0 
different species, or precipitates, which are immobile at the temperature 
at which the pew I is observed. The logarithmic decrement as a function 
of tß'1' is given by, 
5 .0 
C8 A Mb2l(n4ß)3 (a /6"a)4 
x, 
'1''/(1 + cý2T2 (33) 
with 6_c_ 
C24npkT/(b2l3] 
ä(34) 
and 2 lö/ (n2D ) (35) 
where tr _ relaxation time, 
w= angular frequency of the applied stress, 
A= dislocation density, 
M= shear modulus, 
b= Burgers vector, 
lo= dislocation loop length, (AB in Fig. 22), 
ß= dislocation line tension along the 
dislocation, 
o= amplitude of 
the applied stress 
n= number of pinning points per dislocation 
loop 
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Fig. 21. A single relaxation peak. 
Fig. 22. Movement of a-dislocation loop and impurity atoms under the 
application of an alternating stress, according to the theory 
of Yamafuji & Bauer. 
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(n-1 minor pinning points and one 
major pinning point), 
k= Boltzmann constant, 
PD = pipe 
diffusion coefficient of the minor 
pinning points along the dislocation 
at temperature T°K. -, 
The peak height 6p, is given by, 
6p 2 /\ Mb2l0/c4ß)] (o/)4 (36) 
Discussion of the theory of Yamafuji and Bauer. 
Relations (33) to (36) do not define the peak completely, because these 
equations are only approximate. In relation (33), for instance, the 
approximation sign hides the fact that the peak is not a single relaxation 
peak. An exact solution of the problem predicts a slightly broadened peak. 
Also, the above relations hold good only for (r ý` 3 0- If a 40"" then ococ 
the peak does not appear. As can be seen from relation (33) by is 
proportional to 0-4 , which means that the peak height is strongly amplitude 0 
dependent. 
If we substitute for Q 
from relation (34) into relation (36), we have, 
6p =`A l0Mb6a--4/(144n n2ß3k2T2) (37) 
An increase in cold work increases A and decreases the value of 101 but 
the decrease in 1o has a much larger effect on the peak height, as the 
peak height is proportional to lö. Thus, assuming lo. to be set, solely by 
dislocation intersections the peak height will decrease with an increase 
in cold work. However: when the major pinning points are immobile atoms or 
precipitates, cold work will not have any effect on the value of 101 although 
the dislocation density will increase with increase in cold work, and under 
these conditions the peak height will be propörtional to the dislocation 
density. 
The relation (37) suggests that the peak height 5, should be 
proportional to 1/n2. As the concentration of. the impurity atoms increases, 
n will increase and therefore the peak height will decrease, with increasing 
solute content. 
In practice none of these conclusions seem to apply to any 
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experimentally observed cold work peaks. 
3.2.3. Theory of Murat' Tamura and Brittain (1961). 
According to this theory, relaxation occurs as a result of the growth 
and dissolution of critical sized precipitates in the stress field of 
oscillating dislocations. 
If the equilibrium position of the dislocation is denoted by Of a set 
of rectangular cartesian coordinates can be chosen in such a way that the 
origin falls at 0 with the XZ plane along the slip plane and the Z axis 
parallel to the core of the dislocation (Fig. 23). The equilibrium position 
of the atmosphere of impurity atoms under consideration is at x=0, y=- yo. 
Under the application of the periodic external stress, the dislocation moves 
in the slip plane along += direction. Let xd be its position at any instant 
of time t. Due to the interaction between the dislocation and the impurity 
atoms, the new position of the impurity atom atmosphere becomes (x, y). If 
C is the density of impurity atoms at time t, then conservation of the 
impurity atoms necessitates, 
äC/at =r V2C + (r/kT) 
C(aC/ax). 
(DV/äx) 
+ (aC/8y). (aV/ay)] (38)- 
where, V, the interaction potential is given by, 
and 
V= AY/ [Cx ' Xd)2+ 723 (39) 
r= rate of jump of an atom in the impurity atom atmosphere 
A= attraction coefficient between the dislocation and the 
solute atom 
k= Boltzmann constant. 
An equation similar to equation (38) may be written, for the case whero 
there is external force acting: 
aCo/Olt =0 =p co+ (r/kT) D19colax)(0volax) + 
(a cola y)(4Vo/a yI (4o) 
where V0 = Ay/(x2 + y2) (41) 
and Co = equilibrium concentration of the impurity atoms in 
the impurity atmosphere. 
Relating the position of the dislocation xd when the stress s is applied, by 
ý 
I 
57. 
Z 
P 
x 
Fig. 23. Equilibrium position of a precipitate relative to an edge 
dislocation. 
0- Equilibrium position of the dislocation 
slip plane 
P- Equilibrium position of the, precipitate. 
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using Cottrell's (1953) equation: 
Cr WA 
PXd/Y 
O 
where p= strength of locking. 
Assuming that! x and xd to be very small compared to yo and 
aCo/bl x- Co/a (a = atomic spacing) 
it can be shown that: 
(42) 
5=% MC A/ 
Ca37t2(L+L2)J [1'/(1 
+ cý27 
2J (43) 
o 
where 'r r= 1/ 
[. (L12 + L22) n2rJ (44) 
Q' 
and )=lo exp( -Q/TT 
(45) 
M= shear modulus 
X= 
constant 
= relaxation time 0' 
Q= activation energy for an atomic jump from the atmosphere 
of impurity atoms to the matrix 
L1 and L2 are the dimensions of the atmosphere of the 
impurity 
atoms 
Equation (43) represents an internal friction peak. 
A further assumption as to the nature of the atmosphere of 
impurity 
atoms, namely the atoms in the atmosphere to be in the form of precipitates, 
allows a calculation of the value of Q by the following procedure. 
The 
free energy F of the precipitate is calculated as a function of the radius 
P of the precipitate and the displacement xd of the dislocation from 
its 
equilibrium position: 
F(P'xd) = 4n(µ)2 Fs -3 (&)3[Fv + Ayo/(xä + yo) 
where u3 Co = number of impurity atoms per unit volume 
the precipitate 
Pý radius of the precipitate 
Fs = surface energy per atom in the precipitate 
Fv - formation energy per atom in the precipitate. 
(46) 
of 
I 
A plot of the free energy against the precipitate radius is shown in Fig. 24, 
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Fig. 24. Plot of the free energy of a precipitate as a function of 
its radius (Mura et all 1961). 
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for the extreme values of xd =0 and xd = to . 
The critical precipitate radius is a minimum ( =11 3w ""' "d =0i. e., 
when the dislocation is at the equilibrium position. Therefore as the 
dislocation moves away from its equilibrium positions precipitates of 
critical size begin to dissolve. On the other hand, as the dislocation 
begins to move towards its equilibrium positions those precipitates whose 
radii are otherwise just below the critical value will now begin to grow. 
Thus as a result of the oscillating dislocation, the precipitates of critical 
size will grow and redissolve alternately. The activiation energy is 
obviously the free energy for the precipitate of critical, size, i. e., 
Q= (16/3) itP 
/ EFv + Ayo/(xä + yo )] (47) 
Some of the interesting features of this theory will now be discussed. 
(a)Effect of change in concentration on the peak height. 
This model is worked out on the basis of a single dislocation interacting 
with a single precipitate. Therefore, we expect the peak height to 
increase as the number of dislocations or the number of precipitates is 
increased. These effects are, therefore, similar to those of Köster's 
theory, except that there is an additional stage, namely precipitation. 
This may require a preliminary ageing time for the cold work peak to be 
developed fully. 
(b) Peak broadeninS. 
Instead of a single precipitate, if a number of precipitates are 
assumed to be present, with slightly different values of Ll and L21 then 
`{ will have a spread in its value around a mean, which in turn, produces 
peak broadening. However, the behaviour of the peak broadening with 
respect to changes in concentration and changes in the dislocation density 
is not evident.. The effect is indirect through changes in the distribution 
of various parameters connected with the precipitates, such as the size of 
the precipitates and the geometrical positioning of the precipitates relative 
to the dislocations. 
.a Peak temperature 
According to equation (k3)ß the peak height 6P-. s given '"L"ý 
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(48) Sp =2 
[MCoA/(kTpa1)] [(L2 
+ L22) nJ _1 
where Tp = peak temperature. 
Equation (48) shows that the peak temperature should be inversely 
proportional to the peak height. 
(d) Effect of change in concentration. 
It is important to remember that Co is not the lattice 
concentration of the impurity atoms, but the number of atoms per unit 
volume of the precipitate and this may not be related to the lattice 
concentration. Thus it is difficult to predict the effect of a change 
in concentration, in the absence of a knowledge of the variation in the 
parameters connected with the precipitates. 
(e) Effect of a change in cold work. 
As the theory is developed on the basis of a single dislocation 
model, effects of distribution of dislocation loops cannot be predicted; 
however) as a first approximation, the peak height may be assumed to be 
proportional to the dislocation density. Thus the peak height is 
expected to increase with cold work on the basis of this theory. 
3.2.4. Theory of Schoeck. 
In contrast to the other theories, wherein relaxation is assumed to 
occur due to the reorientation of the impurity atoms or precipitates near 
a dislocation) this theory assumes that the relaxation occurs as a result 
of the movement of the dislocations, which drag an atmosphere of impurity 
atoms along with them. 
According to this theory, dislocations are pinned by major pinning 
points, which are points of intersection of dislocations, atoms or 
precipitates, which are immobile at the cold work peak temperature. The 
impurity atoms which are responsible for the occurrence of the cold work 
peak are called as minor pinning points and are mobile at the cold work 
peak temperature. The minor pinning points are dragged along with the 
dislocations as the dislocations move from their positions of equilibrium. 
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The applied stress during an internal fy . Zion experiment is so small 
that the dislocations are unable to tear themselves away `7-m the 
minor pinning points. The impurity atoms moving with the dislocations 
have to pass through energetically unfavourable positions and the 
activation energy for the cold work peak is equal to the eno? gy required 
to activate the movement of the minor pinning points, situated on the 
moving dislocations. 
If F is the force acting on a minor pinning point which is on a 
dislocation, then the velocity of this pinning point is given by 
Einstein's equation, 
v= D/(kT) F (49) 
where v= velocity of the minor pinning points 
D= diffusion coefficient of the minor pinning points 
at temperature T°K 
k= Boltzmann constant 
The force on the atom can therefore be expressed asp 
F= (kT/D) v 
The force F, per unit length of the dislocation is given by, 
F1 = nF = n(kT/D) v (50) 
where n= number of minor pinning points per unit length of 
the dislocation. 
For metals with B. C. C. structure, it can be shown that, 
n= 2C 13 b3) (51) 
where Cd = average concentration in atomic fraction of-the 
species of atoms, which act as minor pinning 
points, inside a cylinder of radius Ro surrounding 
the dislocation 
b= Burgers vector. 
From equations (50) and (51) we can write, 
F1 = av 
where a= 9nR2CdkT/(4J3 D1,5) (52) 
F, is also the magnitude of the restoring force exerted on the dislocation 
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of unit length by the minor pinning points (Newton's third law of 
motion). In addition to this force, the dislocation is also acted 
on by another restoring force due to the curvature of the dislocation 
as it bows out of its equilibrium position. F2, the force per unit 
length of the dislocation due to such a curvature is given by, 
F2=p/r 
where r= the radius of curvature 
p= dislocation line tension. 
of v+ ß/r = o- b (54) 
The total restoring force = F' + F2 is balanced by the force due to the 
externally applied stresss6'; 
i. e., 
Referring to Fig. 25. we can write, 
V =ailat 
and r -- - 0 
(53) 
a 2va y2 
Substituting these values in equation (54), we obtain, 
a (ax/c7t) - ß(CE) 
2x/aY2) 
=V'b 
If o- is a periodic stress, 
Cr = Ci"o exp (iwt ) 
where i= 
=1 
a' = amplitude of the stress 
w= angular frequency of the stress, 
(55) 
(56) 
equation (55) would represent a differential equation of periodic motion. 
If x is the mean of the maximum displacement of each point on the 
dislocation, then it can be shown that equation-(55) may be written asp 
at (c; /ý't) + 8ß; /l2 _G"b (57) 
where 1= the length of the dislocation between two 
major pinning points. 
The solution of this equation is 
x= a-Ob 
[(80/12) 
iwa] / 
4- 
(64ß2/l4) + w2a2 
J 
(58) 
To calculate the strain produced in the specimen due to the displacement 
of the dislocations, unit volume of the specimen is considered. If 
the distribution of the loop lengths, 1, is such that p(1)dl is the 
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Fig. 25. Movements of a dislocation loop in response to an alternating 
stress, according to Schoeck's model. 
Fig. 26. Plot. of the integral in Schoeck's theory as a function of wf'. 
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number of dislocations having loop length between 1 and 1+ dl, 
then 
ee 
jD(1)ldl 
= /t 
(59) 
OW 
and ed = yb 
fP (1)xldl (60) 
0 
where A= dislocation density 
ed= strain produced due to the displacement 
of the dislocations 
y is a geometric factor vi 0.1 to 0.01. 
The logarithmic decrement 6 is given by, 
6= (cM/G-0) -I imaginary part of cdl 
(61) 
where M= shear modulus. 
Substituting for and cd from equations (58) and (60) in equation 
(61) 
we have, bo 
s= (nMY. b21o/80) f CF(z)z5 Werl(1 + W212zt3) dz (62) 
(63) where 9nR0CdkTl0/(32 
13 Db3R) 
P(z) = 10 P(1)/n 
(64) 
Z= 1/10 (65) 
10 = mean loop length. 
Substituting an approximate value of 
ß= Mb2/2 (66) 
equations (62) and (63) become,. 
S(z) b= (ry /ßl/4) z5 rj /(1 +W 
2ej' 2z4 )] dz (67) 
0 
and 
9nR2CdkTl2/(16 -. 
13 Mb5D) (68) 
Assuming a distribution function for the dislocation loop length such 
that P(z) = exp( - z), numerical calculation of the integral in the 
equation (67) can be performed for different values of w9" (Fig 26). 
The integral has a maximum value of 2.2 when w'T is 0.07. Equation (67) 
represents a broadened peak, the broadening being due to a distribution 
in the, dislocation loop lengths. A few of the major features of this 
theory will be outlined below; but a thorough discussion of the 
implications of the theory will be given in section 8. 
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(a) Effect of change in Concentration. 
The height of the cold work peak, on the basis of Schoeck's models 
can be obtained from equation (67): 
by = wY/s to Imax14 (69) 
This equation implies that the peak height should not be affected by 
the impurity concentration. However, the theory is developed on the 
assumption that all the dislocation loops contribute to the cold work 
peak damping and at low concentrations this assumption is not valid 
(Schoock , 1970) and the peak height increases with concentration, for 
low concentrations, reaching the saturation value, given by equation 
(69). Examples of such a behaviour are shown in Figures 5 and 8; in 
Fig. 5 saturation peak height is not reached because the concentration 
is too low. 
The variation of the peak temperature with concentration can be 
predicted using equation (68). Following the work of Gibala (1967), if 
we substitute, 
D= Do exp(QD/RT) (70) 
(where QD = activation energy for lattice diffusion) 
in equation (68) wo obtain, 
wrj`' = k1CdT cxp(QD/RT) (71) 
where k1 = 9nR2k]. 
2w/(16 /3 Mb5Do) (72) 
Using the fact that the peak height is proportional to the concentration 
of hydrogen, i. e., 
5p =kcCd (73) 
equation (71) can be reduced to 
ln(bp ) in [T'/(k1k )J -QD /(RTp) (74) 
The suffix p in the above equation indicates that the corresponding 
values are measured at the peak temperature. The value of w')'p is 
* The author is grateful to Dr. Schoeck for pointing out that equation 
(67) is valid only when all the dislocation loops contribute to the 
cold work peak damping. 
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independent of the peak height and the peak temperature and therefore, 
a plot of in(SpTT) vs 1/Tp should be a straight line with slope equal to 
Q1/R. Gibala (196$) has used such a procedure (Fig 27) to measure 
the activation energy for diffusion and the values obtained by this 
method are in good agreement with those obtained by others from other 
methods. 
(b) Effect of change in cold work. 
If we consider the points of intersection of dislocations as the 
major pinning points, then an increase in cold work increases the 
dislocation density and the number of dislocation loops. Thus a 
higher concentration of impurity atoms are needed to reach the maximum 
peak height predicted by equation (62), when the cold work is 
increased. This effect is shown in Fig,. $t 
Equation (68) shows that, 
lä Tp exp ( QD /R Tp) = constant, 
for a given concentration of impurity atoms. Therefore, as the 
value of to is increased, the peak temperature will increase; i. e., 
as the cold work is decreased, the peak temperature will increase. 
Obviously, time has to elapse before this is observed. 
The expected effects of changes in cold work and in concentration 
on the peak height and on the peak temperature are summarised in 
Table VI. 
Table VI. Effects of change in Concentration and in Cold Wbrk (Schoeck's 
theory) on the Cold Work pock. 
Treatment Peak height Peak temperature 
Increase in 
concentration 
Increases initially 
reaching a maximum 
at a critical 
concentration 
Increases when the 
peak height is 
increasing. 
Increase in cold won Increases Decreases 
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5.0 
1.0 
Ha 
P4 to 0.5 
0.1 
1.8 1.9 
103/TpK 
2.0 2.1 
Fig. 27. Relationship between the cold work peak height 5p1 the peak 
temperature TPI for iron hydrogen and iron-nitrogen cold work 
peaks (Gibala, 1968). 
(a) Fe - H, 90'/ deformation 
(b) Fe - Hs 38% deformation 
(c) Fe -- N) 11% deformation 
(d) Fe - N, 11% deformation +, ageing at 3500C for one hour. 
rý* 
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(c) Peak Broadening 
As the peak broadening is attributed to a spread in the value of the 
dislocation loop lengths, we expect the broadening to be affected by (i) 
a change in the amount of cold work and (ii) the presence of immobile 
impurities or precipitates. Gibala's (1967) work (Fig 3a) confirms 
that an increase in the cold work increases the peak broadening. 
Further discussion of the peak broadening is given in section 8. 
3.2.5. Schoeck's Theory for Small Displacements of Dislocations. 
When the amplitude of oscillation of dislocations is less than b, 
the airger's vector, application of Einstein's equation (equation 49) is 
not justified. In this case the internal friction of the material may 
be attributed to the distribution of the impurity atoms forming the 
atmosphere around the dislocations, due to the displacement of the 
dislocations. Schoock (1963) has shown that the material obeys 
standard linear solid equation and that the internal friction in this 
case is given by 
Q71. ; /1 Gb2/ 
[21 (niodi) + 80/1Q 
where e=r (nioa2)/(kT)l / L2l(niodi) + 80/12 0 
and 'T'=f'/(i -8) 
to = the time for an atomic jump of an impurity 
atom near a dislocation 
ai and di are the coefficients associated with the variation of 
the interaction energy Uz . 
(W xof an impurity atom situated at 
a site i, due to the displacement x of the dislocation from its 
equilibrium position; Ui(x) is given by, 
Ui(x) = Ui(0) f ax f dx2 f ............ 
The dependence-of the internal friction on the structural parameters, in 
this case is complicated and does not render itself to direct 
theoretical investigation. No attempt has been made to compare this 
theory with any experimental work so far. 
x. 2.6. Modification of Schoeck's theory by Ino and Sugeno (1967)., 
Some modifications to Schoeck's theory, introduced by Ino and Sugeno 
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(1967) are intended to take into account the internal"stresses due to 
precipitates and other interacting dislocations. 
The essence of the development of this theory is considered by 
reference to Fig. 28, AP0B is the position of the dislocation when the 
external stress is absent and APB is the position of the dislocation 
when a stress 6- is acting on it. If f(x, y) = force acting on the 
dislocation at P, due to the internal stresses, then equation (55) of 
Schoeck's theory has to be modified to 
a (, @x/at) - ß(a2x/, 
")Y2) 
- f(x, y) =17Th (75) 
When the external stress is removed the dislocation goes to its 
equilibrium position AP 
0 
B, the point P(x, y) goes to P(x 0 , y). 
At any 
point on AP0B the curvature is such that the force due to the curvature 
is balanced by the force due to internal stresses at that point due to 
other dislocations and precipitates. Thus, 
. ß( 
2. 
&. 1 /P% y2) - f(xo, Y) =0 
(76) 
From equations (75) and (76), we have, 
(x . x0 )/r7] - 
[2(x 
- xo)/9 y9 - 
[f(x, 
y) - f(xo1yy 
=O, b (77) 
(using &xo%? t = 0). 
Expansion of f(x, y) in the vicinity of x_ xo, using Taylor's 
theorems 
f(x, y) - f(xo1y) + a(y) (x - x0) 
where a(y) = 
I@f(xjY)/&X1 
x=x 0 
Substituting this in equation (77) and replacing x- x0j the displacement 
by x' I we have, 
a(D x'/p1 t) - ß( rý) 
2x'/@ 
y2) - a(y)x' =a b (78) 
If x' is the average of the maximum displacements of all the points on the 
dislocation and ä is the average value of a(y) then, 
(X(ax'/at) + [(00/12) =C r' 
CO is a numerical constnn] 
(79) 
This equation is similar to equation (57) and the displacement isI 
therefore given by, 
i 
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Fig. 28. Displacements of a dislocation loop under the influence of 
an external stress, according to the model of Ino & Sugeno. 
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70=ab (Oß/12 a- cox )/ 
[(, 00/12 - ; )2 
+ (wac)2 
j (80) 
Comparing this equation with equation (58), we see that, the equations 
become identical if 8¢x'12 Of equations (58) is replaced by (O¢/12) - Z+. 
Thus, proceeding on the same lines as Schoeck's 
N 
Q~' Lw l'/(1 + w2rý 2ý 
with Q`m = Mb21/(Oß/12 - ä) 
q-= a/(Oß/12 
1 
where 
-D 
theory, we can show that, 
is the dislocation density and the summation is carried 
(81) 
(82) 
(83) 
(84) 
out over 
all the dislocation loops (N = number of dislocation loops per unit volume). 
Here, discrete values of 1 are assumed, as against a continuous variation 
of 1 in Schoeck's theory. 
Implications of The Theory of Inc and Sugeno. 
This theory reduces to Schoeck's theory if ä is assumed to be = 01 
and that the variation in 1 is continuous. Further conclusions are 
made complicated by the fact that the peaks broadening is due to a 
distribution not only in values of 11 but also in An attempt is 
made, here below, to find out the significance of the introduction of 
a to the theory. 
(a) Cold work peak in specimens with tangled dislocations. 
If there is a large number of tangled dislocations, we may expect a strong 
interaction between dislocations, and we may assume that the forco 
gradient ý is mainly due to dislocation interaction. If ä is positive, 
then 
Q will 
increase as 1 increases (a is always less than ßß/129 
otherwise the dislocation is unstable ). However as can be seen from 
equations (81) and (82) those dislocations having values of ý nearly 
equal to OP/1 
2 
will have maximum effect on the cold work peak. A high 
proportion of tangled dislocations will therefore have a marked effect on 
the peak height. Thus, a change in the structure of tangled dislocations 
may be one reason for the enormous difference in peak height observed 
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experimentally, for specimens deformed at different temperatures (Fig. 10). 
(b) Effect of precipitates. 
In this case the force gradient a is mainly due to the precipitates, 
the value of ä depending on the size and distance between the precipitates. 
The activation energy in this case is given by, 
Q=QD+EB+n. EI (85) 
whore QD = activation energy for diffusion for the impurity 
atoms, 
EB = binding energy between the dislocations and the 
impurity atoms, 
EI = binding energy between an impurity atom and n 
of its neighbours in the cluster. 
This in fact implies that there will be a distribution in Q due to the 
position of the precipitates relative to dislocations ( due to change in 
EB ) and due to a variation in the number of impurity atoms in a cluster 
( ie, change in n). Thus, this theory is a hybrid of Schoeck's theory 
and the theory of Mural Tamura and Brittain (section 3.2.3). 
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4. Interaction Between Dislocations And Impurity Atoms. 
Remarkable success has been achieved in understanding the nature of 
the interactions between dislocations and impurity atoms on a qualitative 
basis, during the past few years and numerical values for a number of 
important parameters which affect the nature and extent of the 
interactions are available in literature. Due to the various types of 
interactions that operate simultaneously, analytical solutions are almost 
always approximations to real situations. Furthermore, in any 
experimental work, one can never isolate dislocations and impurity atoms 
from the surroundings of other defects which themselves affect the 
interaction between dislocations and impurity atoms. 
Only a few aspects of the interactions, that are of immediate 
applicability to the present work are considered here. Numerical values 
calculated from theoretical considerations are compared with the 
experimental values, taking carbon in (-iron as an example. The results 
are also used in connection with the interaction of hydrogen with 
dislocations, in Section 8. 
4.1. Static Dislocations. 
Dislocations are never truly stationary except at OoK, but in many 
cases, especially at low temperatures, the relationships developed here 
can be applied with a great degree of success. 
4.1.1. Binding of Point Defects to Dislocations. 
When an interstitial impurity atom whose volume is greater than the 
intersticet is inserted into the lattice work has to be done against the 
elastic force developed, while the atoms surrounding the interstice arc 
moved to accommodate the impurity atom. However, less work is needed to 
perform the same operations in the presence of the hydrostatic components 
of an edge dislocation. In a linear, isotropic, elastic solid, Fý the 
additional energy difference is given by ( Bullough & Newman, 1963; 
Cottrell, 1948 )! 
? 5" 
E, ý =A 
(sin Q)/r (86) 
with A=3 
[0 
+ -c'l )/(1 -ýý Mbbri 
(87) 
where r. = radius of the interstice ( i 
ie, half the smallest 
dimension of the interstice ) 
ri(1 + b) = radius of the intersticial atom, which is 
assumed to be spherical 
M= shear modulus 
ý? 
. Poisson's ratio 
b= Burger's vector 
(r, Q) are the coordinates of the impurity atom 
relative to the dislocation, 0 being measured 
from the slip direction. 
In an isotropic, linear, elastic solid, shear stresses cannot interact 
with sperically symmetric dilations and therefore, a screw dislocation, 
which produces only shear stresses, cannot interact with an impurity atom 
in the above model. However, such interactions do exist due to one or 
more of the following reasons: 
(1) The solid may be either nonlinear or anisotropic. 
(2) The impurity atom may be nonspherical (Cochardt et all 1955)" 
(3) A centre of dilation exerts a torque (Couch & Swartz, 1962) on a 
screw dislocation and this may change the orientation of the screw 
dislocation, producing an edge component, which in turn can interact with 
the impurity atom. 
(4) Shear stresses can interact with pairs of atoms and this enables 
screw dislocations to interact with impurity atoms in solutions strong 
enough to produce a considerable number of atom pairs (Zener, 1947). 
Further modifications needed for an accurate estimation of the elastic 
interaction between a dislocation and an impurity atom include: 
(a) changes in the elastic modulii due to the presence of the impurity 
atom (Fleiooher) 1561), 
(b) bent dislocations, 
(c) effects due to the concentration gradients. 
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Equation (86) is not valid at the core of the dislocation where the 
elastic continuum theory does not hold good. However, experimental 
results show that the theory can be successfully applied even upto about 
2Ä from the dislocation. 
Electrical interactions between dislocations and the impurity atoms 
have been reviewed by Nabarro (1967), but are assumed to have negligible 
effect on the binding energy in the present work. 
For carbon in B. C. C. iron the calculated values of some of these 
parameters are: 
A_3x 10-20 erg-cm 
E1 = 1.5 x 10-12 ergs (.;, 1 e. v. ) 
(for r_ 2R and sin Al) 
Corchardt (1955) estimated, for both edge and screw dislocations, the 
binding energy EB for carbon atoms in B. C. C. iron to be 1.1 x 10y12 ergs 
( c, 0.75 e. v. ). Cottrell (1953) considers, 
A=1.4 x 10-20 erg-cm 
and EB = 0.75 x 1012 ergs (0.5 e. v. ) 
to be acceptable values for carbon in B. C. C. iron. 
4.1.2. Saturation Effects. 
As a result of the dislocation - impurity atom interaction, given 
sufficient time, impurity atoms drift towards dislocations to form an 
atmosphere round them. The equilibrium concentration of impurity atoms 
is given by 
C= CL exp(EB/kT) (88) 
where C= concentration at a point where the impurity atom 
has a binding energy EB 
CL = concentration of the impurity atoms far away from 
the dislocations 
T= temperature on the absolute scale 
k= Boltzman constant 
However, two types of saturation effects may stop this equilibrium 
concentration from being attained. (1) The strain produced by a 
dislocation can be relieved by a finite concentration of impurity atoms 
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and this effect, in turn, decreases the interaction energj. Thus 
after reaching a certain critical concentration, any increase in 
concentration will not decrease the total energy of the system. This 
critical concentration is the saturation concentration. (2) When all 
the available dislocation sites are filled, no increase in concentration 
is possible thereafter. Two conditions have to be satisfied for this 
to happen. 
(a) CL >> /\ b2 
(b) CL >> exp( - 
EB/kT) 
where A= dislocation density 
and EP- = binding @nergy of''an atom at a distance of 
r0 = 2R from, the dislocation. 
(89) 
(90) 
(Cottrell, 1953). 
Condition (a) ensures that there are sufficient number of impurity atoms 
available for saturation to occur and condition (b) implies that all the 
available sites at the dislocations are filled. 
When saturation occurs due to the filling of all the available sites 
at the core of the dislocations, a row of impurity atoms lie parallel to 
the dislocations at a distance of r0 ('i2R) away from them and a 
"eondanzed" atmosphere is said to be formed. If saturation occurs due 
to stress relief effects, only a diffuse atmosphere will be formed. 
Inuat(1956) has pointed out that equation (88) can only be applied 
to concentrations ( in atomic fraction ) that are small compared to 
unity and therefore, equation (90), which is derived from this is 
invalid when saturation occurs. Using the theory developed by Iouat 
(1956), Beshers (1958) showed that the impurity atoms are distributed 
according to Firmi-Dirac statistics, rather than Maxwell-Boltzman 
statistics, at the dislocations when the concentration approaches 
saturation. 
A= 1012cm`2 and at CL . 10-7 for A= 108 cm -2 according to the above 
eauations at temperature T= 300 °Ki but the experimentally measured 
For carbon in B. C. C. iron, saturation occurs at CL = 10"3 for 
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values of the lattice concentration corrosponding to saturation of the 
dislocations is higher, especially, when carbon precipitation is found 
to occur. 
4.1.3.! 1igration' of The Impurity Atoms to Dislocations. 
igration of impurity atoms, while equilibrium concentration is being 
reached, was first considered on a theoretical basis by Cottrell & Bilby 
(1949). According to their theory, the concentration of the impurity 
atoms, C(t) at the dislocations at time t is given by, 
C(t) = CL .2 
(Z) 1/3 (ADt/kT)V3 (91) 
where D= diffusion coefficient of the impurity atoms at 
temperature T°K 
At time t=0 the distribution is assumed to be uniform. The following 
effects were neglected in the theory: 
(1) stress relief by the impurity atoms at the dislocations 
(2) diffusional effects due to concentration gradients 
(3) saturation effects 
(4) interaction between the dislocations. 
Harper (1951) modified this theory to take into account the effect of the 
impurity atoms already seggregated to the dislocations and arrived at 
the equation: 
C(t)/CL =1- exp C- 2A (2) 113 (ADt/kT)2/3 (92) Ham (1959) took into account the diffusional effects and concluded that] 
the Cottrell-Bilby equation was valid during the initial stages of 
seggregation, but for longer times the theory only predicted the flow of 
the impurity atoms inside a circle of radius y (about 40 to 60 R for 
carbon in B. C. C. iron). Outside this circle the flow would be radial, 
Refined calculations (Bullough & Newman, 1959), showed that the rate of 
seggregation at later stages depends more on the rearrangement of the 
impurity atoms near the dislocations, rather than the net radial flow 
of the impurity atoms into the y circle. The persistence of the t2/3 
law during the intermediate stages was explained (Bilby, 1956) by the 
fact that the diffusion. effects and the saturation effects tend to 
cancel each other. 
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4.2. Dislocation Unpinning. 
The dislocations are said to be pinned by the impurity atoms 
present at the dislocations, when the temperature is such that the 
mobility of the atoms is very low, and the dislocations are not able to 
tear away from the impurity atoms. The critical stress 47-0 1 needed to 
unpin the dislocations from a 'condensed' atmosphere of impurity atoms 
is given by, 
G"° =343 A/(8 r2b2) (93) 
The above equation is obtained by assuming that the thermal energy of the 
dislocation is zero. At a temperature T°K, the critical stress ,0T 
is given by (Nabarro, 1967), 
6-T/ Gö =1- exp f exp(eB/kTT (94) 
where f= fraction of sites occupied by the solute atoms 
in the matrix. 
Table VII. Variation of the Yield Stress with Temperature 
(Cottrell & Bilk, 1949) for Carbon-Iron Al loys with B. C. C. Structure. 
Temperature, T (°K) 85 114 195 303 373 
Yield Stress! JT 
(x 109 dynes/cm2) 6.07 4.14 2.83 1.45 1.1 
0 o. 485 0.33 0.225 0.115 0.090 
Table VII gives the experimental ratio Q"T/cf'o for different 
temperatures (Cottrell & Bilby, 1949) obtained for carbon in B. C. C. iron. 
The value of G0 obtained by the extrapolation of experimental results 
is about an order of magnitude higher than the value calculated from 
equation (93)" 
3. Interaction of Impurity Atoms with Moving Dislocations. 
Dislocations may move (i) under the influence of an external stress 
and (ii) due to thermal fluctuations. When a stress, CT is applied, the 
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force experienced by the dislocation is given by, 
Force = Crb 
(95) 
However, in the presence of an atmosphere of impurity atoms; the 
dislocations experience a retarding force as shown in Fig, 29(a). The 
retarding force duo to other effects and the net force are shown in 
Fig. 29(b) and W. When the force is greater than FcI any increase 
in the velocity of the dislocation decreases the retarding force. This 
means that the dislocation is separated from its atmosphere when the 
velocity of the dislocation reaches vc. The critical stress 4ac, 
necessary to achieve this is given by (Cottrell & JaeWon, 1949), 
= Fc/b N 17 ACLN/b 
(96) 
where CL = lattice concentration (in atomic fraction) of 
the impurity 
N= number of available sites for the impurity atoms/ 
unit volume. 
For carbon in B. C. C. iron, the value of (T M 9.3 x 106 dynes/an 
2, for 
c 
lattice concentration CL =3x 10 -5. 
4.4. Hydrogen Dislocation Interaction in B. C. C. Iron. 
Experimental evidence for the existence of dislocation hydrogen 
interaction in B. C. C. iron comes from internal friction experiments 
(Gibala, 1967; Sturges & Miodownik, 1969) and from the effects of 
hydrogen on the yield point phenomenon in iron and steel (Section 4.4.1. ). 
Controversy still exists as to how much hydrogen goes to dislocations 
and to other type of traps relative to the amount dissolved in the 
lattice (Gibala, 1967; Sturges & Miodownik, 1969; Oriani, 1967 & 1970). 
Sturges & Miodownik and Gibala tacitly assume that the density of trapping 
sites other than those that occur due to the presence of dislocations to 
be negligible. Oriani1 using the experimental results of various 
research workers, has calculated the total density of trapping sites to 
be of the order of 1020 per unit volume. Further calculations based on 
Oriani's concepts (section 8) show that trapping sites introduced by the 
presence of dislocations can account for the observed results to a large 
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Fig. 29. Retarding forces acting on a moving dislocation 
surrounded by an atmosphere of impurity atoms. 
Fig. 30. Effect of substitutional elements on the ageing 
behaviour of the carbon"Snoek peak in iron 
(Wert, 1952). 
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extent, but one cannot rule out the possibility of the trapping sites 
influencing the absolute concentrations of hydrogen at the lattice sites 
and the dislocation sites. However, as will be shown in section 
8 this 
does not affect the qualitative behaviour of the cold work peak, because 
the ratio of the lattice concentration to the concentration at the 
dislocations is affected only slightly by other traps. 
4.4.1. Effect of Hydrogen on the Yield Point Phenomenon in Iron. 
Rogers (1954,1957) observed a hydrogen yield point in steel 
containing 0.01eo C at a testing temperature of - 150°C. The specimens 
were pre-strained to remove the yield point due to carbon and nitrogen 
and to increase the solubility of hydrogen. Hydrogen was introduced by 
electrolytic charging, and such hydrogen charged specimens gave a yield 
point at testing temperatures below - 80°C. Adair et al 
(1962) confirmed 
the existence of a hydrogen yield point by conducting similar 
experiments. 
Both Cracknell of al (1955) and Rogers (1956) showed that large amounts 
of hydrogen can remove carbon-nitrogen yield point in iron. Rogers 
found that the carbon-nitrogen yield point in iron could be partially 
removed by introducing a small amount of hydrogen. Using specimens 
which were not prostrained, Rogers showed that the critical temperature 
at which the carbon-nitrogen yield point begins to appear could be 
lowered by the introduction of hydrogen. 
The effects summarised above clearly indicate that there is a strong 
interaction between hydrogen and dislocations and between hydrogen and 
carbon atoms in B. C. C. iron. Further discussion of these interactions 
are made in Section 8. 
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5. Internal Friction Peaks in Iron-Nickel Alloys. 
This section gives a brief outline of the mechanism of peaks arising 
from stress induced ordering of interstitial impurity atoms and peaks of 
this category occuring in iron-nickel alloys; attempts to detect more 
peaks of this kind are also mentioned. Only two other peaks have been 
observed in these alloys and these were reported by Gladman and Pickering 
(1966). The first of these two, which occurs at about 170°C is due to 
the interaction of dislocations with carbon atoms; the second peak, 
which is observed at about 235°C is also due to carbon, but a complete 
explanation of this peak is not given. However, they conclude that this 
peak is associated with retained austenite. 
5.1. Peaks due to Stress Induced Ordering of Interstitial 
Impurities. 
In the absence of external force fields, an impurity atom occupies 
one of several crystallographically equivalent sites in a metal. If 
the impurity atom introduces asymmetric distortions in the crystal, then 
the application of an external stress removes the degeneracy of these 
equivalent sites, and interstitials originally distributed at random 
amongst the sites, tend to redistribute themselves in response to the 
difference in energy at the various sites. This phenomenon is known as 
stress induced ordering, and gives rise to inelasticity and hence internal 
friction (Zener, 1948; Novick, 1953)" A peak is observed when internal 
friction is plotted either against temperature or against frequency. 
Geometric considerations (Novick & Heller, 1963) show that amongst B. C. C., 
B. C. T., F. C. C. and H. C. P. structures, such a peak can occur only in the 
B. C. C. and B. C. T. structures, with interstitial atoms occupying 
octahedral sites. This peak is generally known as the Snoek peak and a 
complete theory has been given by Polder (1945). 
Interaction between substitutional and interstitial atoms, if presents 
gives rise to local asymmetric distortions, splitting the otherwise 
degenerate energy states for the interstitial atoms at equivalent 
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crystallographic sites. Thus, addition of substitutional elements can 
lead to the appearance of peaks due to stress induced ordering of 
interstitial atoms, even in F. C. C. and H. C. P. structures, while 
additional peaks may be observed in the B. C. C. and B. C. T. structures, 
along with the usual Snoek peak. The number of additional peaks 
observed due to the addition of substitutional elements depends on the 
number of different energy levels to which the initial degenerate energy 
level splits. This in turn, depends on the geometric positioning of the 
interstitial and substitutional atoms and the interactions between the 
different species of atoms. Models to account for the peaks arising 
from the stress induced ordering of interstitial, in the vicinity of 
substitutional atoms have been given by Dijkstra & Sladek (1953) and 
Gladman & Pickering (1965). Some important features of the effects of 
the addition of various substitutional elements are shown in Table VIII. 
Table VIII. Effect of Substitutional Elements on Peaks Due to Stress 
Induced Ordering of Interstitial Impurities. 
(Frequency of oscillation is of the order of one cycle/sec) 
Alloy Crystallo- Peak Mechanism proposed* Reference 
graphic 
temp . 
(o C) 
structure 
Fe-Mn-N B. C. C. (1) 22 (1) Snoek peak Dijkstra & 
(2) 32 (2) Fe-Mn/N Sladok (1953) 
Fe-Mn-N B. C. C. (1) 7 (1) Fe-Mn/N Enrietto (1962) 
(2) 24 (2) Snook peak 
(3) 35 (3) Mn-Fe/N 
Fe-Mn-C-N B. C. C. (1) -5 (1) Mn-Mn/N Ritchie & 
(2) 7 (2) Mn-Mn/N Rawlings (1967) 
(3) 13.5 (3) Mn-Mn/N 
(4) 28 (4) Snoek peak (N) 
1(5) 34.5 (5) Fe-Mn/N (Continued) 
*Fe-Mn/N means that the peak is due to stress induced diffusion of aN 
atom between a site with all Fe atoms as the nearest neighbours and a 
site with one Mn and all other Fe atoms as the nearest neighbouring atoms. 
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Alloy 
Fe-Mn-C-N 
Fe-V-N 
Fe-V-N 
Fe-Si. N 
Fe-Si-N 
Fe-Cr". N 
... 
Fe-Cr-N.. C 
Crystallo- 
graphic 
structure 
B. C. C. 
B. C. C. 
S. C. C. 
B. C. C. 
B. C. C. 
B. C. C. 
B. C. C. 
Peak 
temp. 
(°C) 
(6) 44 
(7) 66 
(1) 22 
(2) 87 
(1) 22 
(2) 37 
(3) 87 
(1) 22.5 
(2) 37.5 
(3) 62 
(1) 21.5 
(2) 29 
(3) 40 
(4) 54 
(5) 62 
Mechanism proposed 
(6) Snoek peak (C) 
(7) 
(1) Snoek peak 
(2) Fe-V/N 
(1) Snoek peak 
(2) Fe-V/N 
(3) Abnormal peak due 
to the influence 
of nitride preci- 
pitates 
(1) Snoek peak 
(2) Fe-Si/N 
(3) --- 
ý.. _,. _. _ 
P. forence 
.w 
Ritchie & 
Rawlings (1967) 
Dijkstra & 
Sladek (1953) 
Jamieson & 
Ksut-oay (1966) 
Leak, Thomas & 
Thomas (1955) 
(1) Snoek peak 
(2) Interaction of 
moving 
dislocations 
with N atoms 
(3) Fe-Si/N 
(4) Fe-Si/N with 
another N atom 
in the nearest 
interstitial site 
(5) 
(1) 22 (1) Snook peak 
(2) 47 (2) Fe-Cr/N 
(1) -7 (1) Cr-Cr/N 
(2) 5 (2) Snoek peak (N) 
(3) 23 (3) Snoek peak (C) 
(4) 38 (4) Fe-Cr/N 
(5) 49.5 (5) Due to carbon 
atom pairs 
Rawlings & 
Robinson (1961) 
Dijkstra & 
Sladek (1953) 
Ritchie & 
Rawlings (1967) 
(Continued) 
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Alloy 
Fe-Mo-N 
Fe-V.. C 
Fe-Mn4 
Fe-Mn. C 
Mechanism proposed Reference 
(oc ) 
structure I' _' 
61'iAP111. c: 
C ystallo- Peak 
,... __ý. ý .. 
temp. 
B. C. C. 
B. C. C. 
F. C. C. 
F. C. C. 
(1) 22 
(2) 75 
(1) Snoek peak 
(2) Fe-Mo/N 
Dijkstra & 
Sladek (1953) 
(i) 22 
(2) 87 
530 
(Variable 
peak temp) 
280 
Jamieson & 
Kennedy (1966) 
Ke & Tsien 
(1956) 
Kandarpa & 
Spretnek (1969) 
Fe-Cr. M-H 
Fe-Ni-C 
Ti.. 3C. -0 
F. C. C. 
B. C. T. & 
F. C. C. 
H. C. P. 
(1) -68 
t 2? -1+8 
(1) 155 
(2) 250 
(1) Fe- 
substitutional 
element/11 
(2) H-dislocation 
interaction 
(1) Snoek peak 
(2) Transient peak, 
affected by 
nitrogen atoms 
Fe-Mn/C 
ý 
Fe-Mn/C 
(1) Fe-Ni/C in the 
B. C. T. structure 
(2) Fe-Ni/C in the 
F. C. C. structure 
Peterson, Gibala 
& Traiano (1967, 
1969) 
Ke & Ma (1957) 
X_. Fe, VIAIl 
A 
450 - 475 
(Peak temp 
variable 
for 
different 
sub. 
elements) 
Ti-X/O Gupta & Weinig 
(1962) 
In the light of the present interest in iron alloys examples have been 
taken mostly from Fe-N and Fe-C alloys with substitutional elements, but 
similar experiments on the effects of small additions of Zr, Fe and Mo 
on Nb-0 and Nb-N alloys have been reported by Szkopiak & Ahmad (1969) 
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which follow earlier work by Powers w Doyle (1959) 
5.2. Peel-, s due to Stress Induced Ordering in Iron-Nickel Alloys. 
Several additional peaks due to stress induced ordering of 
interstitial atoms have been observed in the neighbourhood of nickel atoms 
in iron (Table IX), but these peaks are due to carbon in various crystal 
Table IX. Internal Friction Peaks Due to Stress Induced Ordering 
in Iron-Nickel Alloys. * 
Alloy 
Fe-Ni-C 
Crystallographic 
structure 
B. C. T. 
Frequency 
2cps 
Peak 
temperature 
155°C 
Reference 
Ke & Ma 
(1957) 
Fe-Ni-C F. C. C. 2 cps 250°C Ke & Ma 
(1957) 
Fe-Ni-C F. C. C. 0.7 cps Gladman & 230 to 240°C 
Pickering 
(1966) 
* Snoek peaks are not shown in this table. 
Structures and no. peak has been reported due to either hydrogen or 
nitrogen. A notable implication of Table IX is that no additional peak 
due to stress induced ordering of carbon in the B. C. C. structure of 
nickel-iron alloys is observed. Wert (1952) tried to determine whether 
such a peak is likely to occur, and carried out investigations on Fe-C 
alloys containing one of the following elements as a substitutional 
impurity: Mn, Cr, Mop Ni and V. The initial height of the Snook peak 
in the Fe-C alloy was found to be unaffected by the addition of those 
substitutional elements. The alloys were tempered at 150°C and the 
Snook pecks height was plotted as a function of the time of tempering 
(Fig 30). Except for the Fe-V-C alloy, all the alloys had the same peak 
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height as the Fe-C alloy. An additional peak due to the stress induced 
ordering of carbon atoms around the substitutional element might be 
expected to cause the carbon Snoek peak to decay faster in alloys 
containing substitutional elements, because the carbon atoms would, in 
such a case, divide themselves between two kinds of sites. In addition, 
internal friction measurements of these alloys from -35°C to 200°C 
produced no additionza peak, and similar measurements from -20°C to 
80°C 
by Ritchie & Rawlings (1967) also showed no additional peak in Fe-Ni-C 
alloys. 
The above experiments show that in the Fe-V-C alloys, the sites with 
one vanadium atom as a nearest neighbour, serve as low energy sites and 
thus an additional stable peak due to stress induced ordering of carbon 
atoms near vanadium may be expected. However, it appears that additional 
peaks due to stress induced ordering of carbon in B. C. C. iron-nickel 
alloys are unlikely to occur under normal circumstances. Nevertheless, 
the possibility of a transient peak of this nature occuring in freshly 
deformed specimens cannot be ruled out, the carbon atoms being forced to 
go into supersaturated solid solution. It can be envisaged that the 
carbon atoms which have nickel atoms as neighbours will tend to diffuse 
to lower energy sites (where all the neighbours are iron atoms). 
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6. Internal Friction: Apparatus, Experimental Procedure and Results. 
6.1. General. A pzratus. 
6.1.1. Annealing Furnace. 
Annealing was performed in a vertical, nichrome wound muffle furnace 
thermally insulated with alumina powder (Fig. 31). The hot zone used is 
11" long and the temperature distribution along the length of the furnace 
is shown in Fig. 32. The furnace can be used for annealing specimens at 
any temperature up to 1100°C above room temperature. 
The temperature was measured and controlled by a Pt/ Pt- 15% Rh 
thermo-couple and a Transistrol controller, the hot junction of the 
thermocouple being at the middle of the 11" long hot zone. The accuracy 
of the temperature measurement by the thermocouple is within + 1°C at 
1000°C. 
Gases forming the atmosphere inside the furnace are passed through a 
molecular sieve to remove traces of moisture. Continuously flowing 
argon was used as the inert atmosphere in the furnace. 
6.1.2. Carburising Furnace. 
Carburisation of the specimens was performed in a separate furnace. 
Specimens were heated by sending a heavy current through the specimens in 
an atmosphere of acetylene. The specimens can be held at any temperature 
up to the melting point of the specimens from the room temperature. The 
pressure of acetylene atmosphere inside the furnace can be maintained 
between 0.01 torr to 600 torr. The amount of carbon introduced into the 
specimen can be varied by changing the temperature, pressure of acetylene 
atmosphere or the carburising time. 
The following method was used to determine the carbon content of the 
carburised specimens. * The samples were degreased by washing in petroleum 
*The author would like to thank the Materials Department of the Royal 
Aircraft Establishment, Farnborough, Hants, for carrying out the carbon 
analysis of the specimens used in this work. 
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Fig. 31. Schematic di. agrz)m of the annealir,; furnace. 
1. Inlet for the gnu, 2. Molecular .; ieveS, 3. Specimens, 
4. Furnace tube, 5-5. Specimen hold-. r, C>. Alumina dust, 
7. Thermocouple er! dn, 8. Hot jutictiorr of the 
thermocouple, 9. Furnr, ce windiii : ;, 10. Cold wrti. t, i' 111d 
11. Outlet for the ý; r ;;. 
Fig. 32. Temperature distribution zdonE; the , rxi;, of the ful"n, lce i. uLw. 
DISTANCE FROM THE 
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ether and then dried. The weighed sample was folded into lengths of about 
1 to 2 cm and wrapped in a piece of pure tin foil (9 x1 cm). The carbon 
was converted to carbon dioxide in an organic solvent (ethanolamine in 
dimethylformamide) and titrating it automatically with tetra n-butyl amonium 
hydroxide, detecting the end point potentiometrically. The method was 
developed by the Steel Company of Wales and E. I. L. Ltd., and is marked as 
"Titracarb". A plot of the pressure of acetylene used in the carburising 
furnace vs the resulting carbon concentration of the specimen is shown in 
Fig. 33. 
6.2. Internal Friction Apparatus. 
6.2.1. Torsion Pendulum. 
A torsion pendulum method is used to measure the internal friction of 
specimens. Details of the apparatus are shown in Fig., 344 The 17.5 cm. 
specimen (L) is firmly held at the upper end in a screw vice (V), which 
seats into the lapped taper of a thermal contact (II). The vice (V) is 
held pressed to the thermal seating (II) by means of a spring loaded thin 
walled stainless steel tube (G). A 1/8 inch diameter stainless steel 
extension rod (N) clamps the lower end of the specimen (L)$ by means of 
another screw vice (P), the other end of the extension rod being connected 
to an aluminium inertia bar (R) of diameter 1/8 inch. Weights (W, W), made 
of iron can be threaded on to this inertia bar at both ends. Adjusting the 
distance of these weights from the midpoint of the inertia bar, the 
frequency of oscillation can be maintained at one cycle per second. The 
weights are kept the same in all the experiments, so that the vertical 
stress on the cross-section of the specimen is unchanged. A needle (N1) 
attached to the inertia bar at its midpoint dips into silicone oil contained 
in the dash pot (Z). The purpose of the dash-pot is to stop lateral 
vibrations of the pendulum. (Experiments conducted by Hughes (1966) showed 
that the effect of the dash pot on the measured values of the internal 
friction is negligible). Two electromagnets are situated on opposite 
sides of the weights (W, W) in the horizontal plane passing through the 
inertia bar (R). By sending a pulse of current through these two magnets 
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Fig. 33. Dependence of the amount of carbon introduced into a 3% 
nickel-iron specimen in the carburising furnace on the 
pressure of acetylene in the furnace. 
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Fig., 34. The,. internal friction apparatus. 
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simultaneously, torsional oscillations can be initiated in the specimen. 
The amplitude of oscillation can be changed by sending in a number of 
pulses of current at the appropriate time. 
6.2.2. The Reading Mechanism. 
A collimated source of incident light is beamed onto a concave mirror 
(Q) attached to the midpoint of the inertia bar (R). The reflected beam 
is picked up by a light spot follower (Sefram Graphispot). A pen attached 
to the light spot follower makes a permanent record of the amplitudes of 
torsional oscillation. The sensitiveness of the measurement of the 
amplitudes of oscillation is increased by using three plane mirrors which 
increase the distance travelled by the reflected beam of light. The 
position of the mirror M3 (Fig. 35) may be changed to alter the 
sensitiveness. 
6.2.3. The Cryostat. 
The cryostat (Fig. 34) built by Oxford Instrument Co., consists of an 
evacuated torsion pendulum housing, with a glass porthole opposite the 
concave mirror (Q). This housing is at a pressure less than 10"3torr to 
avoid icing conditions and convection corrents, and to decrease the effect 
of air resistance on the measurement of the internal friction. 
The coolant tank (TI), surrounding the specimen housing and at the level 
of the specimen, can be filled with liquid nitrogen, through the inlet (C). 
Separating the specimen housing and the coolant tank is an evacuated heat 
exchange space (SS). This coolant tank is surrounded by a radiation 
shield (RD), which is cooled by another liquid nitrogen tank (T1) at its 
upper end. Both the liquid nitrogen tanks are surrounded by evacuated 
Dewar envolope (D). 
6.2.4. Ma netic Coil. 
A solenoid consisting of 192 turns of 14 S. W. G. enamelled copper wire 
95. 
0 
Fig. 35. Arrangement of mirrors used for the measurement of the. 
torsional oscillations of the specimen in the internal 
friction apparatus. 
(M1, M2, M3 - Plane mirrors, Q-- Concave mirror, P- Photodyne, 
S- source of light). 
Fig. 36. Magnetic field along the axis of the solenoid surrounding the 
torsion pendulum of the internal friction apparatus. 
(Sturges, 1969). ' 
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is wound round the cryostat. By sending a rectified current through the 
coils a magnetic field is produced along the axis of the coil, i. e. along 
the axis of the specimen. The magnetic field was measured by an axial 
Hall probe of a Gauss meter, at different points along the axis of the 
cryostat and for different values of the current passing through the coil. 
The results are shown in Fig. 36, (Sturges, 1969). 
The purpose of the magnetic field is to remove the magneto-mechanical 
damping (Summer & Entwistle, 1959). In pure iron, depending on the 
specimen history, magnetomechanical damping is often so high that any other 
damping effects may be completely swamped. Application of a magnetic 
field, however, renders the magnetic domains immobile, and the magneto- 
mechanical damping can thus be completely eliminated. 
6.2.5. Temperature Control. 
Thermocouple used in the measurement of temperature is Au-0.03 atomic 
% 
Fe/Chromel (wires of 0.012 inch diameter), supplied by Johnson, Mathey and 
Co. These thermocouples are sensitive and do not deteriorate for a long 
time, and need not be calibrated except at long intervals. Initial 
calibration of the thermocouples was made using the following fixed pointst 
boiling points of helium and hydrogen, and at the melting point of ice. 
Periodic checks on the calibration were carried out at the melting points 
of ice and dry ice, and at room temperature. The temperature of the cold 
junction has always been the boiling point of liquid nitrogen. The thermal 
emf developed was measured by a sensitive mirror galvanometer with the help 
of a potentiometric arrangement. 
When the specimen housing chambers and the dewar space are evacuated and 
the heat exchange space is filled with hydrogen, the temperature of the 
specimen in the specimen housing chamber reaches 80°K in about two hours 
after the liquid nitrogen tanks T1 and T2 are filled by liquid nitrogen. 
The lower grip begins to heat up due to the leakage of heat through the 
extension rod (N), so a current is sent through a nichrome winding round 
the upper grip and the heating element is adjusted in such a way as to keep 
the temperature of the two grips the same while the temperature of the 
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total enclosure is allowed to rise. The required heating current has been 
determined by using two thermocouples at the upper and the lower grips. 
(When internal friction measurements are made, the thermocouple at the 
lower grip is removed and the temperature of the specimen is followed by 
the thermocouple at the upper grip). For measurements above 240°K, 
liquid nitrogen is taken out of the tank T2. to increase the heating rate. 
6.3. General Eerimental Procedure. rn.. rwrý. r. ýýr... rr   ý. rrý. rr .. ý. rýrý 
6.3.1. Specimen Preparation. 
The 3% Ni-Fe (d-0.002%, N-0.00296,0-0.001%), supplied in the form of 3/8 
inch diameter rods, were swaged down to about 30 thou wire with two 
interstage annealings at 1000°C in an inert atmosphere, in the furnace 
described section 6.1.1. The final anneal was also performed at 1000°C 
for three hours in the inert atmosphere and the specimens were either slow 
cooled inside the furnace in the same atmosphere, or quenched in cold water 
by allowing them to drop through the furnace. 
In the case of carburised specimens homogenisation was carried out by 
holding the specimens at 1000°C for 24 hours before these were used in the 
internal friction experiments. 
Specimens cold worked by swaging were held at room temperature for three 
days and charged with hydrogen by pickling them in a solution of five per 
cent sulphuric acid with traces of thiourea, which promotes the 
introduction of hydrogen into the specimens. 
6.3.2. Measurement of Internal Friction. rrý ý wr. - r. r 
After charging the specimen with hydrogen in the pickling solution, the 
adhering solution is wiped off with cotton wool. The specimen is then 
immersed in liquid nitrogen, to prevent hydrogen from diffusing out of the 
specimens. The specimen is introduced into the internal friction apparatus, 
which has been cooled to liquid nitrogen temperature by filling the tanks 
T1 and T2 (Fig. 34) with liquid nitrogen. The specimen housing chamber 
is evacuated and the specimen is held inside the apparatus for two hours to 
reach thermal equilibrium. 
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All internal friction measurements were made at the same initial amplitude 
of oscillation. The number of oscillations used depends on the value of 
damping, higher number of oscillations being used while measuring lower 
damping. 
6.3.3. Thermal Cycling Experiments. 
Concentration of hydrogen in any given hydrogenated specimen is varied 
by ageing it at a temperature high enough to effuse hydrogen out of the 
specimen. Such ageing experiments consist of heating the specimen from 
80°K to a pre-determined maximum ageing temperature; measurement of the 
internal friction is carried out at the same time. The specimen'is held at 
this maximum ageing temperature for a preset period, before being cooled 
down to the liquid nitrogen temperature. The same cycle of operations is 
repeated several times with the same maximum ageing temperature, so that 
each successive cycle represents a different hydrogen concentration. To 
measure the back-ground internal friction, the specimen is aged at room 
temperature for three days. Results from the mass spectrometric 
experiments (section 7) show that the concentration of hydrogen in the 
specimen can be varied by this method. 
In section 8.1. it is shown that the diffusion coefficient of hydrogen 
can be determined as a function of temperature by performing thermal cycling 
experiments using different maximum ageing temperatures. The specimen is, 
therefore, reused by recharging with hydrogen to conduct similar experiments 
at different maximum ageing temperatures. This procedure has been adopted 
because internal friction is so sensitive to metallurgical variables that 
specimens, which have apparently undergone the same treatments, will tend 
to have widely different values of internal friction. Swaging may not 
introduce the same amount of plastic deformation at every point in the 
specimenj and the deformation will almost definitely be slightly different 
from specimen to specimens even though the apparent reduction in the cross 
sectional area is the same. However, it has to be ascertained that the 
specimen is not damaged by'charging it several times. The following 
observations justify the use of the specimens for recharging. (i) The 
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cold work peak height was nearly the same after each charging. treatment. 
The small change in the peak height can be accounted for by the fact that 
the time for which the specimen is exposed to room temperature while it is 
being introduced into the internal friction apparatus varies slightly for 
each run due to inevitable differencs in handling the components. Also 
the actual amount of hydrogen introduced into the specimen may vary due to 
small changes in the temperature of pickling. (ii) The back-ground internal 
friction is found to be the same, every time hydrogen is removed from the 
specimen by holding it at room temperature for three days. If hydrogen 
charging treatment were to introduce permanent damage, we would certainly 
expect this back-ground internal friction to change. (iii) Metallographic 
examination of the specimens does not show any damage after repeated 
charging treatments. 
6.4. Studies of Hydrogen Cold Work Peak. 
Internal friction experiments conducted in the present work have been 
divided into two categories: (i) study of the hydrogen cold work peak and 
(ii) study of the carbon peak at 216°K. (This division also gives roughly 
the chronological order in which the work was performed). The major 
portion of the work was conducted to investigate the variation of the 
hydrogen cold work peak temperature and peak height with respect to changes 
in the concentration of hydrogen. Preliminary experiments were, however, 
carried out to choose suitable values for various parameters, which were then 
not altered once they were chosen. These parameters include (a) 
concentration of nickel, (b) amount of cold work, (c) duration of hydrogen 
charge, (d) initial amplitude of oscillation and (e) magnetic field strength. 
A limited number of experiments were also conducted to determine the 
conditions under which the peak at 216°K occurs, and to study its behaviour 
with respect to variation in a few of the critical parameters involved, with 
a view to understand the mechani= responsible for the appearance of this 
second peak. 
6.4.1. Preliminary periments. 
(a) Concentration of nickel: To accentuate the differences between the 
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hydrogen cold work peaks in iron and iron-nickel alloys, one would like to 
use a large percentage of nickel1 but difficulties then ariso due to 
(i) the low solubility of hydrogen and hence small cold work peak 
(ii) the presence of a large percentage of F. C. C. structure in addition to 
the B. C. C. Both these effects render the interpretation of the results 
difficult. Thus a balance between'the conflicting criteria has to be 
struck and a concentration of 3% nickel has been decided upon as a suitable 
value. 
(b) Amount of cold work: In fully annealed specimens the hydrogen cold 
work peak is not observed; the height of the cold work peak is found to 
increase with increases in cold work, reaching a saturation value at about 
45% reduction in area. Therefore, 45% cold work has been used in the 
present work. (Similar saturation effects have been reported by Sturges 
(1969) and Gibala (1967) ). 
(c) Duration of hydrogen charge: Following up the earlier experimental 
work on the cold work peak in iron (Sturges & Miodownik, 1969), a solution 
of 5% sulphuric acid with traces of thiourea has been used as the pickling 
solution for the introduction of hydrogen into the specimens. However, in 
contrast to the cold work peak height in iron, the peak in 3% Ni-Pe alloy 
was very small at the end of two hours of hydrogen charging. Systematic 
increase of the charging time showed that the peak height increased in size 
up to 20 hours, and the rate of increase was found to be negligible 
thereafter. Thus 20 hours of charging time has been used for the study of 
the hydrogen cold work peak in 3% Ni-Fe alloys. * 
The charging time had to be decreased in the case of carburised specimens 
to avoid corrosion effects. However, as the peak height was found to 
increase with the carbon content, shorter charging times were quite 
. ý..... 
Prolonged pickling (for about 60 hours) produced a peak at about 160°K, the 
characteristics of which are entirely different from that of the cold work 
peak. This peak is probably due to the onset gf microcracks due to high hydrogen concentration. A similar peak at 160 K has been observed by Hermant (1966), where metallographic examination of the specimens showed the presence of microcracks. 
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sufficient to give peaks of measurable height in carburised specimens. 
(d) Magnetic field strength: A magnetic field of 100 oersteds was found 
to have no effect on the cold work peak height and only a marginal effect 
on the background. However, when fully annealed specimens were used, the 
background damping decreased by the application of the magnetic field. 
This clearly indicates that the difference in the behaviour is due to the 
change in the level of cold work. Magnetic domains are rendered immobile 
by internal stresses introduced during cold work, thus eliminating 
magnetomochanical damping. That is to say, cold work plays the same role 
in deformed specimens, as the magnetic field in the annealed specimens in 
eliminating the magnetomechanical damping (Summer & Entwistle, 1959). 
6.4.2. Effects of Change in the Concentration of Hydrogen. 
The two types of alloys used in the study of the hydrogen cold work peak 
are (i) hydrogen charged 355' Ni-Fe alloys and (ii) hydrogen charged carburisod 
3% Ni-Fe alloys. The detailed treatments of the specimens used are 
summarised in Table X. Three typical sets of results are shown in Fig. 37 
(a slow cooled specimen), Fig. 38 (a water quenched specimen) and Fig. 39 
(a carburised specimen). The individual curves in each set were obtained 
by holding the specimens at the temperatures of ageing, specified in the 
diagrams. The effective times of ageing were calculated by the method 
outlined in Section 8.1. Similar results obtained by holding these 
specimens at other temperatures of ageing are not illustrated; the peak 
heights (background removed) and the peak temperatures from these total 
series of experiments are summarised in Tables XIS XII and XIII. Fig. 40 
shows the marked difference in the relationship between the peak temperature 
and the peak height for the carburised and the uncarburised specimens. 
6.4.3. The Background. 
The background for the quenched specimen (Fig. 38) shows some 
irregularities compared to slow cooled specimen (Fig. 37). However, 
exactly the same background values are obtained every time hydrogen is 
completely removed from the specimen after each recharge. As the main 
purpose of these experiments was to obtain hydrogen cold work peaks, no 
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further work was done to determine the origin of the anomalous backgrounc, 
which was subtracted in the normal way as for other specimens. Despite the 
Table X. History of Sample Specimens. 
Slow cooled 
specimen 
3% Ni-Fe alloy, swaged down to 30 thou from 
diameter rod with two interstage anneals. Armen]. 
at 1000°C in an inert atmosphere for three hours an 
furnace cooled. Then cold reduced by 45', 6. 
Water quenched Sane as the slow cooled specimen, but water quenche 
specimen from 1000°C instead of slow cooling after the final 
anneal. 
Carburised After swaging down to 30 thou (as the slow cooled 
specimen specimen), carburised at 950°C for five minutes in 
an atmosphere of acetylene (pressure 30 torr). 
Homogenised at 1000°C for 24 hours in an inert 
atmosphere and then furnace cooled. 
differences in the background, the behaviour of the cold work peaks in the 
quenched specimen is-similar to those in the slow cooled specimen (Fig. 40). 
In the carburised specimen, the background appears to increase with 
temperature, but this effect can be attributed largely to the low 
temperature side of the peak at 216°K (Section 6.5-)- 
6.4.4. Conclusions. 
The above experimental results on the hydrogen cold work peak in iron- 
nickel alloys bring out the following features. 
(i) The hydrogen cold work peak height can be deoreased by thermal 
cycling experiments (Fig. 371 38 and 39). 
(ii) The peak temperature decreases as the peak height is decreased 
(Fig. 40). 
(iii) No significant difference between the behaviours of the hydrogen 
107. 
Table XI. Peak Heights and Peck Temperatures of the Hydrogen Cold 
Work 
Peak (Slow Cooled Specimen, 3% Ni-Fe alloys). - 
Maximum temp. Peak height 
of ageing (Background removed) 
(°K) (8 x 104) 
Peak temperature 
(°K) 
250 7.25 + 0.1 
6.30 + 0.1 
5.85 + 0.1 
4.90 + 0.1 
275 7.0 
± 
0.1 
4.1 + 0.3 
3.1 0.3 
290 6.5 + 0.3 
3.5 + 0.1 
3.0 + 0.1 
295 6.9 + 0.15 
4.2 + 0.1 
2.8 + 0.1 
145 +2 
126 +2 
122 +2 
110 +2 
123+5 
115 +5 
115 +5 
120 +5 
101 +2 
100 ±3 
135 +3 
117 +2 
108+2 
cold work peas in the slow cooled and quenched specimens has been observed. 
(iv) Variation of the hydrogen cold work peak temperature with changes 
in the peak height is markedly decreased by carburising the specimens. 
6.5. The 216°K Pe , %%. 
A hitherto unreported internal friction peak-at 216 + 5°K has been 
identified in nickel-iron alloys containing carbon. Investigation of the 
behaviour of this peak has been undertaken primarily on carburised 3°ä 
Ni-Fe alloys, but a limited number of experiments have also been conducted 
i 
io8. 
Table XII. Peak Heights and Peak Tempe" , tunes of 
Hydrogen Cold 
Peak (Water quenched specimen: 3% Ni Fe alloys). 
of 
Maximum temp. Peak height Peak temperature 
of ageing (Background removed) (°K) 
(°K) (b x 104) 
250 4.85 + 0.1 115 +2 
4.2 + 0.1 104 +2 
2.5 + 0.1 90 +2 
273 4.9 + 0.2 113 +4 
3.35+0.2 97+2 
1.? 5 + 0.2 94 +2 
295 5+0.2 
w 
114 +2 _ 
1.7 + 0.1 97 +2 
1.15 + 0.1 93 +2 
Table XIII. Peak Heights and Peak Temperatures of Hydro 
(Carburised Se cimen, 3n' Ni-Fe nlloýrs ) ý.. _....., .. 1:........, " ,. _.. ý-, ý... _.. 
9 en Cold Work Peak 
Maximum temp. 
of ageing 
(°K) 
Peak height 
(Background removed) 
(S x 104) 
Peak 
(°K) 
temperature 
273 4.25 + 0.1 126 + 4 
2.6 + 0.1 124 + 3 
0.7 + 0.1 123 + 3 
298 14.2 + 0.2 140 + 2 
10.3 + 0.2 135 + 5 
8.5 + 0.2 125 + 5 
6.5 t 0.2 125 * 5 
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on alloys containing higher percontage of nickel to dcto. ir; 
º whotbor t:. v 
peak exists in these alloys as well. The significance 
these results are 
discussed in Section 8.8. 
6.5.1. Effects of Cold Work. 
Preliminary work on the 216°K peak showed that the peak height 
in the 
carburised iron-nickel alloys increased by plastic deformation 
(Fig. 41). 
Therefore specimens with the same level of deformation 
(about 45% R. A. ) as 
those used in the study of the hydrogen cold work peak have been used 
for 
studying the 216°K peak. 
6.5.2. Ageing Behaviour. 
The height of the 216°K peak is found to decrease by holding the specimen 
at room temperature. Fig. 42 shows a plot of, the 216°K peak height vs 
the 
logarithm of the time of room temperature ageing for a typical carburised, 
cold worked 3% Ni-Fe specimen. A comparison of curves 
(b) and (c) in Fig. 
41 also shows that the small peak at 280°K is completely removed by 
40 hours 
of room temperature ageing. 
6.5.3. Effects of Change in Carbon Concentration. 
The height of the 216°K peak is found to increase linearly with carbon 
concentration (Fig. 43). The peak height per weight percent of carbon 
for 
this (carburisod and 45F/5' deformed 3% Ni-Fe) is calculated from the slope of 
the straight line in Fig. 43 to be equal to 350 x 10-4 /wt% carbon. 
6.5.4. Effects of Chan&e_ in Nickel Content. 
For a true comparison of the 216°K peak height in alloys containing 
different amounts of nickel, the peak height per weight per cent of carbon 
is used. A plot of this parameter against the concentration of nickel 
content (Fig. 44) shows that the height of this peak increases almost 
linearly for low nickel content, reaching a maximum at about 66% nickel, 
decreasing thereafter for higher nickel concentrations. The heights of the 
peak in the carburised iron and carburised nickel alloys are negligible 
(Fig. 44). Although referred to generally as the 216°K peak, this may in 
fact be a composite peaks as indicated by the existence of an additional 
peak at about 240°K in freshly deformed carburised 9% and 50% Ni-Fe alloys. 
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The 240°IC peak disappears after an ageing treatment of 14 horns at room 
temperature (Fig. 45); and this peak was not visible in the other alloys 
investigated, namely carburised O 3,901 100%ä Ni Fe alloys. One cannot) 
however, rule out the existence of a small peak at 240°K in these alloys. 
Two reasons can then be given to account for the observed results. (i) 
A big peak at 216°K masks the small peak at 240°K. (ii) The rate of 
decay of the 240°K peak may be such that the peak is completely removed by 
the time the specimen is heated to 240°K. 
6.5.5. Effects of HdroSen on the 216°K Peak. 
Introduction of hydrogen into carburised deformed specimens has a throe 
fold effect on the logarithmic decrement. 
(i) There is a decrease in the height of the 216°K peaks which is 
almost completely suppressed by a 15 minute ageing treatment at room 
temperature. 
(ii) A new peak is produced at about 200°K which also disappears after 
a 15 minute ageing treatment at room temperature. 
(iii) The hydrogen cold work peak observed at about 140°K, whose 
behaviour remains unchanged, follows the normal decay pattern as oxplainod 
in section 6.4.2. 
Fig. 46 and Fig. 47 show that the 216°K peak reappears only on removal 
of hydrogen from the specimen. Investigations on a carburised 50% Ni-To 
alloy showed similar effects on the introduction of hydrogen. 
6.5.6. Conclusions. 
These experiments clearly indicate that the 216°K peak: 
(i) needs the presence of both carbon and nickel for its appoarancoý 
(ii) is enhanced by deformation, 
(iii) decays by room temperature ageing, 
(iv) is suppressed by the introduction of hydrogen into the specimen. 
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7. Mass Spectrometry: Hydrogen Diffusion Measurements. 
A 1800 magnetic deflection mass spectrometer (Micromass 21 supplied by 
Vacuum Generators Limited) has been used to measure the thermal effusion rate 
of hydrogen from hydrogenated specimens. The temperature range covered in 
these experiments was the same as that used for ageing the specimens in the 
internal friction experiments. The rate of effusion of hydrogen at these 
temperatures is so low that a very sensitive instrument such as a mass 
spectrometer has to be used. The results from these experiments have been 
used to calculate the diffusion 'coefficient of hydrogen in iron-nickel alloys, 
and the values compared (in Section 8.1. ) with the diffusion coefficients 
obtained from the internal friction experiments. 
7.1. Apparatus. 
7.1.1. Mass Spectrometer. 
Detailed description of various kinds of mass spectrometers and the 
experimental techniques that have been developed can be found in the 
introductory books on mass spectrometry (Kiser, 1967; Biemann, 1962; Bonnett 
& Davies, 1967). Classified references on different aspects of mass, 
spectrometry have also been given by Waldron (1959) and Elliott (1963). The 
Mass Spectrometry Bulletin (Mass Spectrometry Centre, Aldermaston) can be 
referred to for recent advances in this fiold. Only the details of immediate 
interest to the present work are given below. 
(a) Sensitivity: The sensitivity of a. mass spectrometer is defined as the 
ratio of the ion current produced in the detector to the partial pressure of 
the gaseous species in question. This definition implies a linear 
relationship between the ion current and the partial pressure. Fig. 48 
shows that this assumption is true for low pressures only and at about 10-2 
torr ceases to hold good. The sensitivity varies from gas to gas; this leads 
to the concept of relative sensitivity, which is the ratio of the sensitivity 
of a gas to that of nitrogen. The sensitivity of the instrument used in the 
present work is 3x 10 
5amp/torr 
for nitrogen and the relative sensitivity for 
hydrogen is 0.7. 
(b) Resolving power: There are many definitions of resolving power, but 
the one most commonly accepted by mass spectroscopists in comparing instrument 
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performances is known as the '10% valley definition'. According to this 
definition, if the resolving power is specified as X, the valley between 
the two peaks of equal height h, at masses (X - 1) and X will approach to 
h/10. Fig. 49 (a) illustrates this definition. Another useful, but not 
very rigorous definition is the 'unit mass resolution' or the '50% valley 
resolution'. The unit mass resolution is said to be Yj if peaks at mass 
numbers (Y - 1) and Y are detectable as separate masses provided that their 
abundance ratio is less than 10 (Fig. 49 b). The resolution for the 
instrument used here is 44 on the 10% valley definition, giving unit mass 
separation of peaks up to 60. 
(c) Pressure range.: The full scale deflection of the available detector 
for the most sensitive range is 3x 10 ~10 torr and the minimum measurable 
pressure is 3x 10-12torr (noise levol j. -7A of the full scale deflection 
of the most sensitive range). The mass spectrometer can be used to measure 
pressures below 10-2 torr, but the linear pressure range extends only up to 
about 10-3 torr (Fig. 48) 
(d) Mass ranger A selector switch is available to obtain mass 
spectrometer readings at masses 21 3 and 4. (Continuous automatic or 
manual scan of mass ranges 12 60 and 48 - 240 can be carried out by using 
a separate selector switch). The mass spectrometer readings can be 
permanently recorded on a flow chart recorder connected to the mass 
spectrometer detector. 
7.1.2. The Sample Introduction 
+Syrst 
The sample introduction system (Fig. 50) consists of a pyrex glass tube, 
which is the specimen chamber (SPC)A surrounded by the liquid circulation 
chamber (LC)D through which a suitable liquid can be circulated using the 
inlet (I) and the outlet (0). The temperature along the length of the 
specimen chamber can be measured by the thermometers T1 and T2. The liquid 
circulation chamber is surrounded by an insulating jacket B. The open end of 
the specimen chamber is connected to a brass flange F1 by means of a glass 
metal seal, and this flange is in turn connected to the ion source of the mass 
spectrometer. The specimen can be introduced into the specimen space through 
121. 
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122. 
LC 
GMS FI 
C. 50. Schematic diL1gr<im of the wimple introduction system for the 
mass spectrometer. 
123. 
the flange F1, by. disconnecting the specimen introduction system from the 
mass spectrometer. 
The inlet (I) and the outlet (0) of the liquid circulation chamber 
(LO' 
were connected to a Grant low temperature bath (Model LBX), which circulates 
the coolant through the liquid circulation chamber at the required 
temperature. A mixture of ethylene glycol and water which gives a minimum 
temperature of -15°C, has been used in the present work. 
7.2. Measurement of Diffusion Coefficient. 
Mass spectrometers have been used to measure the rate of evolution of 
gases in studies of diffusion of hydrogen through steel membranes (Frank 
et all 1958), the analysis of oxygen in copper (Aspinal, 1966), and the 
desorption and adsorption of inert gases on metal and glass surfaces under 
high vacuum conditions (Lock, 1959); the method used here is similar to 
that used by Leck. Measurements are made in a continuously evacuated 
system, the quantity of gas coming out of the specimen by diffusion being 
estimated (in arbitrary units) by integrating the pressure transients recorded 
by the mass spectrometer with respect to time. 
7.2.1. Experimental Procedure. 
Hydrogenated specimens, identical to those used in internal friction 
experiments, were introduced into the specimen chamber, which was previously 
cooled to the required ageing temperature. The change in the temperature 
of the specimen chamber during this operation was found to be less than one 
degree and the constant ageing temperature was attained within five minutes 
after the introduction of the specimen. The specimen chamber was 
evacuated to less than 10`3 torr, before recording of the mass spectrometer 
reading was commenced, with'the mass spoctromoter sot to mass number two 
(i. e., hydrogen). 
The specimen was held inside the specimen chamber at room temperature for 
three days, under vacuum to degas the hydrogen completely. It was then 
taken out of and reintroduced into the specimen chamber to perform a blank 
run, similar to the one conducted with the hydrogenated specimen. The 
difference between the readings from these two runs gives the true mass 
12;. 
spectrometer readings du:. to the hydrogen diffusing out of th. ' specimen. 
Fig. 51 gives typical readings for a 3% Ni-Pe specimens at the ageing 
temperature of 303°K. 
7.2.2. Calculation of the Diffusion coefficient. 
The amount of hydrogen V(t) come out of the specimen up to an ageing 
time t is given by, 
t 
V(t) =kx SR at 0 
R= (Ra - Rb) 
where kH = constant of proportionality, 
Ra = mass spectromoter reading for hydrogenated specimen at 
time tj 
Rb = mass spectrometer reading for the blank run at time t. 
It can be shown (Darken & Gurry, 1953) that if the effusion of a gas is 
diffusion controlled, a plot of V(t) vs 
4t should be a straight line (for 
small values of t), which is found to be true in the present case (Fig. 52). 
Vo in Fig. 52 represents the total amount of hydrogen come out of the 
specimen. The diffusion coefficient can be calculated (Darken & Gurry, 
1953) by using the relationship: 
t1/2 = r2/ 
[2x2.2DT] 
where r= radius of the specimen, 
DT = diffusion coefficient of hydrogen at the ageing 
temperature T°K, 
t1/2 = time required for half the amount of hydrogen to diffuse 
out of the specimen) 
substituting the value of t1/2 from Fig. 52. This experiment has been 
repeated at the same temperature of ageing to determine the scatter, which 
was found to be less than 2% relative to the mean value. Values of the 
diffusion coefficient at various temperatures are tabulated in Table XIVI and 
are compared with the diffusion coefficients obtained by internal friction 
measurements (section 8.15 Fig. 55)" 
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Table XIV. Diffusion Coefficients of H dro en in Ni-Fe Allos 
(Mass 
Spectrometric Experiments). 
Temperature of ageing Diffusion coefficient of 
(T°K) hydrogen at T°K 
260 2.27 x 10`9 
273 
1 5"27 x 10-9 
290 
295 
" 13.8 x lo-9 
16,2 x 10'"9 
303 
1 28.7 x 10-9 
7.2.2. Conclusions. 
The above experiments show that: 
(i) hydrogen definitely leaves the specimen under the conditions of 
thermal ageing such as that used in the internal friction experiments; 
the effects of thermal ageing may therefore be attributed to changes in 
hydrogen concentrations* 
(ii) the time dependence of the effusion of hydrogen confirms that the 
process is a diffusion controlled one. 
* In the palladium hydrogen alloys the variation of peak height due to thermal 
ageing, results from hydrogen precipitation during ageing (Axons et al, 1967)" 
8. Discu. --sion. 
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The discussion in this section relates to: 
(i) The extraction of parameters connected with the diffusion of 
hydrogen in iron-nickel alloys from the hydrogen cold work peak 
measurements. 
(ii) Binding energy of hydrogen to dislocations. 
(iii) A critical reappraisal of the explanation of the activation 
energy of the cold work peak and the peak broadening. 
(iv) Modification of Schoeck's theory to explain the depcndence of 
the cold work peak height with the concentration of hydrogen. 
(v) The effect of carbon. 
(vi) The mechanism responsible for the 216°K. 
Previous explanations of the hydrogen cold work peaks in iron are also re- 
interpreted. 
8.1. Diffusion of Hydro eý n in Iron Nickel Alloys. 
8.1.1. Calculation of the Effective Time of Ageing. 
During the thermal cycling experiments, the specimen is heated from 
80°K up to the maximum ageing temperature (TH) and is held at that 
temperature for a preset period. An effective time t* can be calculated 
(Appendix A), such that ageing the specimen for a time t* at TM K has the 
same effect as that produced by the above experimental procedure. This 
calculation is valid if the process involved is diffusion controlled and 
the mass spectrometric experiments (Section 7) have already shown that this 
is true for the present experiments. 
It may be pointed out that although this calculation assumes an initial 
value of Q (the activation energy for the diffusion of hydrogen), an 
iterative method can be used to arrive at the true value of t*j and this 
value is independent of the initial assumed value of Q (See section 8.1-3-)- 
8.1.2. Relationship between the Hydrogen Cold Work Peak Height and the 
yd ogen Concentration. 
Sturges & Miodownik (1969) have shown (Fig 5) that the hydrogen cold 
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work peak height is proportional to the concentration of hydrogen in the 
specimen. It is shown below that the same assumption holds good for 
the present case as well. 
For a gaseous impurity diffusing out of a long cylindrical specimen 
into vacuum, the mean concentration, c in the specimen after a short 
time, t* is given by (Darken & Currey, 1953), 
1 .. c/co = 2.256 4 (DTMt*)/r (97) 
where co = initial concentration 
DTM = diffusion coefficient at temperature TM at 
which diffusion takes place 
r= radius of the specimen. 
Coupled with the experimental fact that linear relationship exists 
between the cold work peak height (b P) and 
the square root of the 
effective time of diffusion (Fig 53 and 54), i. e., 
6p .. 6po - i,, M 
It* (98) 
where bpo = peak height at t* =0 (i. e., initial peak 
height) 
kTM = constant 
we can write: 
(1 _ c/co)/(1 öP/bPo) = 2.256JDTM bPo/(kTM r) (99) 
Using the condition that 6=P0 when c= 01 the above equation may be 
written as! 
1=2.256 `/DTM Spo/(kTM r) 
(100) 
Equations (99) and (100) imply: 
c/c0 = by/bpo (101) 
i. e., the cold work peak height is proportional to the mean concentration 
of hydrogen in the specimen. 
8.1.3. Calculation of Diffusion Coefficients and the Activation 
Enemy for Diffusion. 
Using the plot of peak height (bp) and the square root of the 
effective time (t*) of diffusion, the diffusion coefficient DTM can be 
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calculated. If b j2 is the effective time needed for the peak 
height 
to drop to half its initial value, then from equation (100) we have, 
bpo/2 = bpo " kTM 
Jt*1/2 (102) 
Eliminating kTM between equations (100) and (102), DTM may be written ass 
DTM = r2/ 
C(2 x 2.256)2 t*1/] 
(103) 
A plot of log DTM vs l/TM (Fig 55) can be used to calculate the 
activation energy (Q) for diffusion. Table XV summarises the results 
from such an analysis. 
As mentioned in section 8.1.1., the calculation of the effective time 
t* 
Table XV. Diffusion Data of Hydrogen in Deformed 3% Ni-Fe Alloys 
(from 
Cold Work Peak Measurements). 
Specimen Temperature 
(TMK) 
Diffusion 
Coefficient 
(Dm x 10 cm2/sec) 
9 
D 
0 
(cm2/sec) 
Q 
(k cFal,, /molo ) 
Slow cooled 
Water Quenched 
250 
275 
290 ý 11.9 
295 1 17.4 
250 
273 
295 
1.1 
7.9 
0.093 
2.3 
7.1 1.16 
47.0 
9.05 
10.05 
requires a knowledge of Q. However, once a value for Q is assumed, tho 
calculation already outlined in this section may be used to calculate 
a new value of Q. The assumed value of Q may then be replaced by 
this new value, and the same cycle of calculations is repeated. The 
steps involved in this iterative process are shown in Fig 56. The 
true value of Q obtained at the end of this iterative method of 
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Fig. 56. Iterative method for the calculation of Q, the activation 
energy for bulk diffusion. 
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calculations is independent of the initial assumed value of Q 
(Fig 57)" 
The iterative method outlined above was developed by Sturges & 
Miodownik (1969), but, the method of calculation of t* was restricted 
to linear heating rates only (Armstrong, 1958); the new method, 
outlined in Appendix A can be used for any heating rates. The whole 
iterative process has been computerised, oavinÜ a-, considerable:: =. n 6Lint of t imo 
time and effort involved in the calculations. 
8.1.4. Time for Complete Degassing of Specimens. 
Now that the values of Q and c (from Fig 55) are known, we can 
ascertain whether three days of ageing at 300°K is sufficient to degas 
the specimen completely. To test this, we may refer to the plot of 
(1 - c/co) vs 
V( DTt*)/r (Fig 58). 
ts3 dayss we obtain, 
Using T= 300°Ks r=0.03 cm and 
J(D300t*)/r V1 l.? 
The corresponding value of (1 - c/c0) (l0-41 which means that at the 
end of three days, the fraction of hydrogen remaining inside the specimen 
I 
is less than 0.01% of its initial value. Therefore we are justified 
in assuming that three days of ageing at 300°K is sufficient to remove 
practically all the diffusible hydrogen from the specimen. 
In the case of carburised specimens, diffusion of hydrogen is 
much faster and a smaller time ought to be sufficient for the complete 
degassing of hydrogen. However, it is found that a small amount of 
hydrogen is retained in these specimens, and a very slow rate of 
diffusion of hydrogen is observed after an initial faster rate. 
This behaviour is further discussed in section 8.8.2. 
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Fig. 57. Values of Q, the activation energy for bulk diffusion of 
hydrogen in 3 nickel--iron alloys, at the and of successive 
cycles of operations of the iterative process. 
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Fig. 58. Dependence of the mean concentration (C) on the diffusion 
coefficient (D), time of diffusion (t) and the radius (r) 
for a cylindrical specimen (Darken & Gurry) 1953)- 
(C 
0 
is the initial concentration) before the beginning of 
diffusion from the specimen to the surroundings). 
8.2. Bulk Diffusion of Hydrogen. rr ýrrrr. rr   
8.2.1. Effects of Tra 
ý ýn ýJýý 
inR Sites on the Diffusion of Hydrogen in Steels. oll 
In sections 8.2.1. rand 8.2.2. n brief discussion of the diffusional 
behaviour of hydrogen is investigated in order to determine the meaning 
of the activation energy for bulk diffusion and to consider the 
possibility of dislocation sites as the only trapping sites for hydrogen 
in steels. However, for comprehensive reviews of the experimental work 
and the consequent theoretical implications, reference can be made to the 
recent work of Oriani (1967; 1970). 
As will be seen later, the experimentally determined values of Do 
parameter and the activation energy for diffusion, at different 
temperature ranges, can be related to the number of trapping sites in the 
material. Typical experimental results, as shown in Table XVI, give an 
indication of the enormous differences in the values of D and the 0 
activation energy reported by different research workers. However, plots 
of(log D)vs 1/i (T is the temperature on the absolute scale) indicate that 
the results generally fall into two linear portions meeting each other at 
a critical temperature (T0) as shown in Fig 59. 
In view of the above experimental facts, it will be useful if 
theoretical considerations can lead to the determination of: 
(i) The temperature Tc at which the transition from the low 
temperature behaviour (T <To) to the high temperature behaviour (T'> T0) 
takes place. 
(ii) The relationships describing the straight line portions of the 
(log D) vs l, /T for T <Tc and T j. Tcj 
(iii) The effects of changes in the density of trapping sites, trap 
depth and the hydrogen concentration. 
Following Oriani's work, the apparent diffusion coefficient D and the 
lattice diffusion coefficient DL are related by, 
D= DL . nl/ rrll+n(1_nJN)1 (104) 
for nl very small compared to N11 
where nl = number of hydrogen atoms at the lattice sites/ unit 
volume 
138. 
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Fig. 59. Relationship between the diffusion coefficient and temperature 
(T) for hydrogen in Steels (Coo & Moreton, 1966). 
jJ; - . 
Table XVI. 
1966)" 
Material 
a-Fe 
a-Fe 
Pure iron 
Armco iron 
Pure iron 
Carbon steel 
Pure iron 
Ni-Cr-Mo 
steel 
Carbon steel 
Carbon steel 
Ni-Cr-Mo 
steel 
Ni-Cr-Mo 
steel 
Cr-Mo-V-W 
steel 
Cr-Mo-V-W 
steel 
N1= number of lattice sites/unit volume 
nX = number of hydrogen atoms at the trapping sites/ unit 
volume 
Diffusion Parameters of Hydrogen in Steel (Coe & Moreton, 
Temp. range D 00 C)--- 
--- 
(x10 cm? sec ) 
0-900 
4oo-900 
15o.. 65o 
7.6 
22 
8.8+0.8 
200-"7? 4 
200.. 780 
50-480 
25-200 
. 
20-125 
25-90 
25-90 
35-160 
260-500 
80-300 
325-600 
9.3 
14+6 
90-180 
1200+400 
182x104 
50 
190 
2140 
7.9 
320 
3.6 
Q 
(k cal /mole) 
2.280 
2.900 
3.050+0.1 
2.700 
3.200+2.5 
6.40o-6.900 
7.820+1.600 
12.100 
3. t+oo 
6.320 
7.800+1.6 
2.800+1.800 
7.300+2.100 
1.990+1.600 
Reference 
Sykes et r1 (1947) 
Geller & Sun (1950) 
Stross & Tompkins 
(1956) 
Eichenauer of al 
(1958) 
Johnson & Hill (1960) 
Eschbach (1963) 
Johnson & Hill (1960) 
Hobson (1958) 
Frank (1958) 
Frank (1958) 
Coe & Mordton (1966) 
Coo & Mordton (1966) 
Coe & Moreton (1966) 
Coo & Moreton (1966) 
Nx number of trapping sites/ unit volume 
All the trapping sites are assumed to be identical and a local 
equilibrium is assumed to exist between hydrogen at the lattice sites and 
at the trapping sites according to the relation: 
nx/(NX - nX) =K. nl/(N1 - nl) (105) 
where K is the equilibrium constant, Referring to the model, such as that 
shown in Fig 60, the trapping site (X) represents an energy level QB less 
DISTANCE 
Fig. 60. Model for a trapping site for hydrogen atoms in steels 
(Oriani, 1970). 
-ý ', ^ 
than that of a normal lattice site (L); --i trapping site is sounded '. )y con 
energy barrier equal to Qf + QD' where QD represents the activation energy 
for lattice diffusion. Assuming Q' = 01 the value of K is given by, 
K= exp(QB/RT) (io6) 
where QB is the binding energy/mole of hydrogen at the trapping sites. 
Two important cases will now be considered; (a) for very high hydrogen 
concentrations at the trapping sites, i. e. for nJNX vºl, (b) for low 
concentrations of hydrogen at the trapping sites, i. e., for n /NX 41.. 
(n) When the concentration of hydrogen is high at the tra inQ sites. 11 r] 
Under this condition, n /Nx H1 and equation 
(104) reduces to 
D= DL (107) 
This implies that neither the trap depth nor the trap density has any 
influence on the diffusion of hydrogen when a large fraction of the, total 
number of trapping sites are filled by hydrogen. Also this does not 
predict a transition temperature which seems to occur in practice (Fig 59). 
(b) When the concentration of hydrogen is small at the trapping sites. 
Under this condition n 1X is small compared to unity, and equation (104) 
reduces to 
D= DL/ E1 + (NINL) exp (QB/RTI (108) 
This equation shows that the apparent diffusion coefficient decreases as 
(i) the trap density increases and (ii) the trap depth increases. 
Substituting 
DL_DoLexp ( . "Q/RT) (109) 
where DoL is tho Do parameter for lattice diffusion 
and QD is the activation energy for lattice diffusion, 
equation (108) may be written asp 
D= DoL NL exp( Q/RT)/ [ NL + NX exp(QB/RTj (110) 
At sufficiently low temperatures, the first term in the denominator can bo 
neglected in comparison with the second, and equation (110) can then be 
written as 
D= Da exp( "" Q/RT ) 
where 
(nl) 
(112) 
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a. -d Q -QD+QB 
(113) 
A plot of (ln D) vs l/T is a straight line with slope equal to - 
(QD + QB)/R 
and the intercept on the 1/T =0 axis 
At higher temperatures when 
NL>> NX exp(QB/RT) 
equation (110) reduces to 
D DL 
Thus at high temperatures, neither 
Low 
any effect on the diffusion behaviour. 
defined in such a way that for T <C Tcl 
(115) 
trap density nor the trap depth has 
A critical temperature Tc may be 
the diffusion behaviour follows 
equations (111), (112) and (113) and T>) Tc9 the corresponding equation is 
(115). The value of Tc is given by, 
Tc = (QIR)/ln(NL/N x) 
Thus the sudden change in the slope of the plots shown in Fig. 59 can be 
(u6) 
explained quite satisfactorily on the basis of the hydrogen trapping theory. 
Recent experimentaa work (Coe & Moreton, 1966; Newman & Ehrier, 1969) shows 
that the diffusional behaviour of hydrogen in steels is affected by the 
composition and the structure of the material which is consistent with changes 
in trap density. This theory can also explain the large spread in tho'valuos 
of Do (Table XVI) as due to differences in the trap density. The conclusions 
from the discussion are summarised in Table XVII. 
Table XVII. Effects of Hydrogen Concentration at the TrnDrinm Sites on 
the DiffüsiönParvmotors of Hydrogen in Steels. 
Concentratio ri 
MAT 
xx 
<<1) 
Temperature 
(T°) 
D 
0 
LOW 
) (T <, < Tc 
is equal to DoLNLINx' 
(114) 
the 
High 
(T %i T 
High 
11. 
x/NXV% 
1. 
All Temperatures 
p& 
DoL(IdL/Nx) öL 
QI QB + QD I QD 
DoL 
QD 
143. 
8.2.2. Treatment of Dislocation Sites as the Trapping Sites. 
On a qualitative basis, we can divide the trapping sites produced by 
the presence of dislocations into two categories: 
(i) Trapping sites on the dislocations all having the same trap depth 
(QB). 
(ii) Trapping sites around the dislocations, whose trap depth (Qr) 
varies inversely as the distance from the dislocations. 
For a theoretical investigation, a simplified model in which only the sites 
on the dislocations may be considered to act as trapping sites. For such 
a simplified model, the trap density NXI and the density of lattice sites 
NL are given by, 
NX,, 
n/b 
NL C. 1/b3 = 3.7 x 1022 
where A= dislocation density 
b= $irgers vector 
(117) 
Table XVIII shows the effect of the various parameters on the values 
and the ratio Do/DoT 
Table XVIII. Effect of changes in Dislocation Density and Bindin 
Energy of Herdrogen to Dislocations on the Diffusion Pnrnmeters. 
of T c 
Binding energy Dislocation Trap density Calculated 
(QB, k cal/mole) 
density (N /c. c. ) values of (/cm ) x 
Transition Do/DoL 
tempadrature 
(T. K) & 
8 108 3.3x1015 250 107 
2x1010 6.7x1017 410 1.8x105 
1012 0.3x1019 0 103 
7 108 3.3x1015 220 107 
2x1010 6.7x1017 360 1.8x105 
1012 . x1019 500 103 
6 108 3.3x1015 190 107 
2x1010 6.7x1017 310 1.8x105 
1012 . x1019 430 103 
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If the trapping sites around the dislocations are also taken into 
account, the value of Tc would go up and that of Do/DoL would go down. 
Oriani's calculations on the experimentally measured values of the diffusion 
coefficient show that the dislocations alone cannot account for the number of 
trapping sites that seem to exist in steels. 
For the specimens used in the present experimental work, Tc » 300°K and 
Do/D°L = 1.8 x 105 (for Q=?. 5 k cal/mole and A= 2x 1010). Thus the 
value of the activation energy Q obtained from the diffusion coefficient 
measurements, represents the sum of the binding energy (Q B) and the 
activation energy for lattice diffusion (QD), as these measurements are made 
well below the temperature Tc. 
8.3. Activation Energies for Bulk Diffusion, Lattice Diffusion and for 
the Cold Work Pe-1c. 
According to Schoeck's theory, the relaxation time I is given by, 
-. 6- kl (TCd/D) (ii8) 
(kl is a constant). Gibala (1967) has rewritten this formula as 
ýý 
lcl (TSp/Do) exp(QD/RT) (119) 
Equation (119) assumes: 
(i) The peak height 5p is proportional to the concentration of hydrogen 
at the dislocations (Cd) . 
(ii) The diffusion coefficient (D) is given by 
D= Do exp(-QD/RT) (120) 
where QD = activation energy for diffusion of hydrogen 
in the undeformed lattice. 
Assumption (i) above is justified because the experimental results show 
that the peak height (bp) is proportional to the mean concentration of 
hydrogen (Section 8.1. ), which in turn is proportional to the hydrogen 
concentration at the dislocations (at least at low concentrations - Appendix 
B). However, an inspection of the model shown in Fig. 61 shows that the 
barrier (QDj) to be overcome by an atom as it follows the moving dislocation 
is not equal to QD (as assumed in equation (120) ), the activation energy 
for hydrogen diffusion in the undeformed lattice. The values of QDi for 
atoms jumping across the i'th barrier (i = 01 11 21 ...; Fig. 61) are given by, 
145. 
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Fig. 61. ' Model for the potential barrier for a hydrogen atom near a 
dislocation. 
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I 
Q Di = O'D QIoO/ 
f (2r0 + Zia + a)(r0 + ia] (121) 
where r= core radius of the dislocations 0 
a= lattice constant. 
The following factors, however, indicate that the number of atoms jumping 
across the first barrier is very large compared to atomic jumps across other 
barriers: 
(i) The number of toms available for the jumps is maximum nearest to 
a dislocation (The numb r varies as exp [QBro/(RTr)] ,r= distance from 
the dislocations, rid the angular factor is discounted). 
(ii) The probability of a jump for these atoms is higher because the 
barrier across which they jump is lower. 
(iii) Change in binding energy, which is responsible for the upsetting 
of the equilibrium distribution of the impurity atoms and inducing the jumps, 
varies inversely as the squaro of the distance from the dislocation for small 
displacements of the dislocation; hence the atoms far away from the 
dislocation are hardly affected by the movement of the dislocations during 
internal friction measurements. 
The effective average value of QDi ( QDi) over all the atomic jumps may, 
therefore, be replaced by QD1' i. e., the height of the first barrier. Thus 
we may use 
*D=D exp( - QD1/RT) (122) 
in place of equation (120), the value of the activation energy Q; obtained 
from the plots shown in Fig. 62 and Fig. 63 is nearly equal to QD1" In 
section 8.2. it has boon shotim that the activation energy for bulk diffusion 
Q, which is available experimentally (section 8.1. ), is given by, 
Q0 QB + QD (113) 
This equation assumes that D0 value is not affected in the vicinity of a 
dislocation; strictly specking this assumption is not true, but the 
replacement of öD 
by a modified value, Do has no effect on the value of slope of 
plots in Fig. 62 and 63 and hence no effect on any of the activation energies. 
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Fig. 62. Plot of log (peak height x peak temperature) vs reciprocal 
of peak temperature for the hydrogen cold work peak in 3% 
nickel-iron alloys (slow cooled specimen) 
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Fig. 63. Plot of log (peak height x peak temperature) va reciprocal 
of peak temperature for the hydrogen cold work peak in 3% 
nickel-iron alloys (water quenched specimen). 
1k9. 
Likewise% an experimental value of 'average ; QD is also available from 
plots such as those shown in Fig. 62 and 63. Since equations (121) and 
(113) are now simultaneous equations with only two unknowns, QB and D' these 
can be calculated for different values of i; the results are given in 
Tables XIX and XX, which show that reasonable values of QD and QB are 
obtained if QDi is assumed to be equal to Q. 
In conclusion it may be pointed out that, from the experimental results 
such as those performed in the present work, one can determine the binding 
energy (QB)I the activation energy for hydrogen diffusion in the undeformed 
lattice (QD)t the activation energy for bulk diffusion of hydrogen (Q) and 
the activation energy for the cold work peak (QD1). 
8.4. Peak Broadening. 
For a given value of the activation energy, QD Shoeck's theory predicts 
a peak slightly broader than the corresponding single relaxation peak 
(Fig. 64). Cold work peak broadening has been reported by Sturges & 
Miodownik (1969); and Gibala (1967) has studied the broadening parameter 
(ß) as a function of the level of cold work and the concentration of 
hydrogen (Fig, 3). However, seqot-imentally determined cold work peak broadonin 
has not been compared with that predicted by Schoeck's theory, by any of the 
research workers. Such a comparison is made in this section using 
experimental results from the present work and also by re-evaluating the 
earlier work of Gibaln. 
8.4.1. Construction of the Cold Work Peak based on Schoeck's model. 
From Schoeck's theory (section 3.2.4. ) we have: 
w 17 
'= k1C dT exp 
(QDi/RT) (123) 
ZO 
b= öand (n YA 1/4) E2z5c* /(1 + w2,, f2z4 dz (67) 
0 
where kl is a constant. 
Using the property that the vlue of the integral in equation (67) is oqual. 
to 2.2 and w'C'u Ob, = 0.07 at the peak temperature T1 we can write * 
-ý ., *The temperature variation of the concentration (Cd) of hydrogen at the 
dislocation is assumed to be negligible, while writing equation (124). The 
implications of this assumption will be discussed later in this section. 
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Fig. 64. Comparison of a cold work peak based on Schoeck's model with 
the corresponding single relaxation peak. 
(a) Based on Schoeck's model (b) Single relaxation peak. 
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Table XIX. Cc, lculo. cu, valu:: t; of thýý Lný. i. nC Energy (Qý, ) and the lT 
Activation Energy (Q) for diffusion in the un3. eformed lattice from 
experimentally 
-determined 
vrlues of the Activation Energies for Bulk S ýý Vý--  air 
Diffusion (Q) and for the Cold Work Peak for Slow Cooled Specimens. *1 
1.2 
Table XX. Calculated v, lues'of the* Binding Energy (Q) and the Activation 
Energy ( for Diffusion in the undeformed lattice from experimental 
determined vclue's of the Activation Energies for Bulk Diffusion (Q) and for 
the Cold Work Peck : for Water Quenched Specimens. ** r rr. riA "ý wrr. w w rr. ý. r. r r. rý. ý r 
QDi Q QB QD 
(Experimontcl) (Experimontal) (Calculated) (Calculated) 
(k cal mole) (k c1 mole) k "cz ole c, olo 
0*** 660 4+. 1 
1 7.9 2.2 
1.5 10.1 2 8.1 2A 
3 8.2 1.9 
10 8.6 1.5 
** Values of QB and Q, D are calculated assuming Q= QDi for different values 
of i. 
***i =0 involves a junrp from the first lattice position to the core of the 
dislocation; such jump is unlikely to occur, because under the reasonable 
assumption that impurity atoms at the core of the dislocation are not parted, 
from the dislocation as it moves, there is no room for any more atoms trying 
to jump onto the core of the dislocation. 
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rr -= 0.07 cxp(QDi/RT)/ 
[oTp 
exp(QD. /RTp)] (124) 
and 6 (6p/2.2) e xp( - z) z5 /(1 + w2, r2 z4), 
J 
dz (125) uýý 
ý 
0 
The calculation of the integral is carried out using z) = exp( - z) for the 
distribution function; use of other functions in place of exp( - z) is 
found to have little effect on the broadening of the peak; only the constants, 
0.07 and 2.2. in equations (124) and (125), have to be replaced by other 
constants. The properties of the cold work peak discussed in this section 
are unaffected by such a change. 
Knowing the values of Q- (from plots in Fig. 62 and 63) and the peak 
temperature TPI values of er can be calculated at any temperature T using 
equation (124); the corresponding values of the logarithmic decrement 5 can 
then be obtained from equation (125). Thus, using the experimentally 
determined values of the peak height and the peak temperature, the cold work 
peak based on Schoeck's model can be constructed. Such a construction has 
been used in section 8.4.2. to 
(i) Compare the experimental results with those predicted from Schoeck's 
theory. 
(ii) Determine the activation energy responsible for the cold work peak. 
8.4.2. Comparison of 11. ^perimentnl Results with those obtained from 
Schoeck's Theory. 
Gibala (1967) modified the expression for the relaxation timerr I using a 
temperature variation of the hydrogen concentration at the dislocations (Ca): 
Cd = CL exp (QB/RT ) 
where CL = concentration of hydrogen far away from the 
dislocations, and obtained, 
1` k1CLT exp tQB + QD)/RT] 
(126) 
(127) 
On this basis, Gibalc. concluded that the activation energy for the cold work 
peak to be equal to QB + QD. Curve (c) in Fig. 65 shows the expected values 
of internal friction calculated from Schoeck's theory (as outlined in coction 
8.4.1), using 
J 
derived from equation (127), whereas curve (a) represents 
the experimentera results. The overall agreement is rather poor*s the samo 
*Agreement at the peals temperature is only a consequence of the method of 
calculation of the theoretical values of internal friction. 
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Fig. 65. Comparison of the cold work peak based on Schoeck's model with 
experimental results of Gibala (1967) for hydrogen cold work 
peak in iron. t_. 
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conclusion may be drawn from the correspon.. ag plots for the present res,:. 'ýs 
(Curves (a) and (c) of Fig. 66). 
This discrepancy can be explained in the following way. Gibala's use of 
equation (126) assumes an instantaneous redistribution of hydrogen atoms 
between dislocation sites and the lattice sites, while the temperature is 
increasing. For this to be true, hydrogen atoms will have to travel away 
from the dislocation, and a series of atomic jumps will have to follow before 
a new equilibrium distribution is reached. A good indication of how much 
redistribution is likely to occur can be obtained by calculating the time (t) 
required for an atomic jump; this time t is given by, 
t ri x/D 
2 (128) 
where D= Do oxp (Q, /RT) 
x_ distance travelled by an atom during a jump 3 
ý). 
As redistribution involves bulk diffusion, the appropriate value of Q is the 
activation energy for bulk diffusion. Table XXI shows that hardly any 
Table XXI. Estimated times for single atomic Jumps for hydrogon in 
deformed 3% nickel-iron lo at different temperltures. 
Temperature 
(OK) 
Time for single jump 
(second) 
100 3.5 x 105 
120 1.9 x 102 
125 4.3 x 10 
145 2.9 x 10-1 
150 1.1 x 10-1 
18o 7.2 x 10-4 
redistribution is expected to occur below the peak temperature, although an 
increasing -mount of redistribution is likely at higher temperatures. Thus 
the assumption mado in section 8.4.1., that the hydrogen concentration at the 
dislocations (Cd) does not vary appreciably up to the peak temperature, is 
confirmed. 
The following conclusions may be drawn from the above analysis: 
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Fig. 66. Comparison of the cold work peak based on Schoeck's model 
with experimental results for the hydrogen cold work peak 
in 3% nickel-iron alloys. 
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(i) An activation energy for the cold work peak (QDi) can be obtained 
by 
the plots shown in Fig. 62 and 63. 
(ii) The values of the internal friction predicted by Schoeck's theory 
should agree with the experimental results best below the peak temperature 
(with activation energy = QDi) and should then progressively deviate 
towards a theoretical curve with activation energy = (QDi + QB) above the peak 
temperature. Fig. 65 and 66 confirm the above results. 
Above the peak temperatures, it is possible to calculate the apparent 
activation energy (Q*) for the cold work peak as a function temperature using 
Schoeck's theory. Q* (T) will then vary from QDi (at TT) to QDi + QB 
(at very high temperatures). Such a plot is a good indication of the 
extent of redistribution of hydrogen taking place during the measurement of 
internal friction (Fig. 67)- 
8.4.3. Re-. exr- nination of Peak Broadening. 
Recalculation of the peak broadening parameter (ß) for Gibala's peak gives 
values of 0 to 2 (assumed activation energy = QDi; Fig. 68) compared 
with ß=7 (Fig. 4) for the activation energy (= QB + QDi) assumed by 
Gibala. Similar calculations on the present experimental results produce 
12 to 21 (Fig. 69) for activation energy = (QB + QDi) and ßS& 2 (Fig. 
68) 
for activation energy = Q. Values of ß=0 to 2 are consistent with the 
small peak broadening predicted by Schoeck's theory. A similar analysis on 
the high temperature side of the peaks is complicated by the fact that the 
measured internal friction is affected by the redistribution of hydrogen in 
the specimen. This can even lead to the apparent breadth of the peak on the 
high temperature side to be loss than that of the corresponding single 
relaxation peak (i. e., p=0; Fig. 68) and in such a case the peak 
broadening parameter ß is not defined. 
8.5. Schoeck's model: A oIC licability and Modifications. 
Certain restrictions laid down by Schoeck's model are reviewed in this 
section, and modifications are suggested for the theory to be applicable to 
the experimental results. The variation of the peak height with the 
concentration of hydrogen is also explained. In general there are a number 
of restrictions for . the dislocations to be effective in contributing to the 
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III. 11.1 
A Fe (Gibala's experimental results) 
(scatter corresponds to 1 0.05 x 10-4 of 
logarithmic decrement). 
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cold work peak, and these restrictions may be broadly divided into two typ. s: 
(i) Restriction on loop lengths 
(ii) Restrictions on the impurity concentration. 
8.5.1. Critical. Range of Active Dislocation Loop Lengths. 
One of the conditions to be satisfied in order that a dislocation loop 
may give rise to cold work peak damping$ is that the maximum displacement of 
the dislocation, as it vibrates, is greater than the Burgers vector, b. If 
this condition is not satisfied, the use of Einstein's equation (equation (49), 
section 3.2.4. ) in Schoeckts theory is not justified. The critical value 
(lc) for the loop length can be obtained as follows. It is shown in section 
3.2.4. that 
a( ax/i) t) - ß( a2x/9 y2) = db (55) 
The displacement x is m, -. L ximu m when y= 1/2 'G (f'o and 
9. 
N/9 t_0; using 
these conditions, we can write; 
xMIX = G`obl2/(8ß) 
Substituting, 
ß Nb2/2 and G7 
0 
=CMS 
whero c= strain corresponding to the stress Q 0 
M= Shocx modulus 
we obtain, 
xmax = c12/(4b) 
The condition to be sltisfiod, 
b 
yields, 
12 > 4b ? -/c 
i. e., the critical loop length 1c is given by 
12 = 4bz /c . 
(129) 
(130) 
(131) 
Dislocation loops shorter than 1c do not contribute to the, cold work peak. 
Using the valuest 
ýý cs ý3x 10`5 
b=2.9x1Ö8cm 
(es = surface strain of the specimen) 
equation(131) gives, 
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1c=1.06 x10-5 cm (at the surface of the specimen). 
i. e., lc%A 10 = 10-5 cm 
This means that dislocations on the surface of the specimen having loop 
lengths less than to do not contribute to the cold work peak damping. 
The strain in the specimen is proportional to the distance from its 
geometric axis and therefore the value of 1c for dislocation loops at a 
distance rf from the axis of the specimen is given by, 
12 = 4br/(c r') (132) 
where r= radius of the specimen. 
Thus the critical value of the loop length is inversely proportional to the 
square root of the distance from the axis of the specimen, approaching infinity 
at the axis of the specimen. 
Summarising, we can conclude that there is a lower limit for the length 
of the dislocation loop to be effective in contributing to the cold work peak 
and this lower limit itself increases as we approach the axis of the spocimen. 
As a consequence a larger number of dislocation loops would not contribute 
to the cold work peak. 
(Dislocation loops having lengths less than the critical value, can 
however, contribute to damping through other mechanisms, probably giving rise 
to another peak (see section 3.2.5 for example) but not having the samo peak 
temperature). 
Equation (125)2 leading to the cold work peak height bpi theoretical) 
bps theoretical = 2.2 it 
)) A 102/4 (133) 
is obtained by assuming that all the dislocation loops contribute to the cold 
work peak. However, typical values of 
A= 2x 101Ö1 10 = 1000 
Ä give a 
value for the peak height 500 x 10-4 1 which is much higher than the 
experimentally observed peak heights. As shown above, not all dislocation 
loops contribute to the cold work peak and this accounts for most of the 
discrepancy; further effects also arise due to variations in the impurity 
concentration. 
. 2. Dependence of the Cold Work Peak Height on the Impurity Concentration. 
For all the dislocation loops of length 1 to be effective in contributing 
to the cold work peak, two conditions regarding the impurity concentration 
1624, 
have to be satisfied: 
(i) The concentration of the impurity atoms responsible for the cold 
work peak must be above a critical value; otherwise the velocity of the 
moving dislocations will be so high that the impurity atoms are not able to 
follow the moving dislocations. 
(ii) It is self evident that at least one impurity atom must be available 
for a moving dislocation loop to be effective. 
The critical concentration referred to above can be estimated in'the 
following way. The maximum force on a dislocation of loop length 1 duo to 
the external stress is equal to 0', bl. The binding between the atoms at the 
first lattice position (i. e. I for i=I in Fig. 61), and the moving dislocation 
loop will be broken unless the force between the dislocation and the atoms is 
equal to at least (T0bl. 
i. e., 
0 
bl `QrJN/(ýb) (134) 
Qr = QBro/(ro + b/2) 
where Qr = binding energy of the atoms giving rise to cold work 
peak 
N= number of atoms at the first lattice positions (i. e., 
i=I in Fig. 61) per dislocation length =1 
r= dislocation core radius 0 
QB = binding energy of the core atoms (in calories/mole) 
J= mechanical equivalent of heat (4.2 x 107 ergs per 
calorie) 
AN = Avogadro number 
Rearranging equation (134+) we have, 
N/ b2ANl/ (QrJ) (135) 
The criticaa value NC is given by, 
Nc _0 b2Ajl/(Qx, J) (136) 
N may be calculated from the mean impurity concentration and depending on the 
value of N, one of the following types of behaviour for the dependence of the 
cold work peak height on the impurity concentration may be observed. 
(a) When N<Nc: The dislocation loops of length 1 do not contribute to 
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the cold work peek height. 
(b) When N, N'1: In this case the value of N satisfies both the 
conditions (i) and (ii) stated in the beginning of this section and therefore 
all the dislocation loops of length 1 contribute to the cold work peak height. 
(c) When 1>N, Nc:. This range of values of N satisfies condition (i); 
however, on an averagel less than one atom per dislocation loop of length 1 is 
available at the lattice positions adjacent to the dislocation (i. e., i=1 
in Fig. 61). This means that some of the dislocations of loop length 1 will 
have one impurity atom, whereas the others of the same loop length will have 
none, giving an overall average value of N less than one. Thus a fraction 
of the dislocation loops of length 1 satisfy condition (ii) as well, and 
contribute to tho-cold work peak height. As the-impurity concentration is 
increased, more of these dislocation loops acquire an impurity atom each and 
the peak height will increase. 
The above analysis has to be applied to dislocations of different loop 
lengths (i. e., different values of 1), to determine the total concentration 
dependence of the cold work peak height. A general analysis of this nature 
is very complicated; a simplified calculation can, however, be made because 
the contribution to the cold work peak height comes almost exclusively from 
dislocations of loop length around 10 With this simplifying assumption, 
Schoeck's theory loads tot 
S= Or 1'A) 
t''/(1 
+ W2, r2)) (l0) (137) whore (10) = number of dislocation loops of length 10 having 
at least one impurity atom in the lattice 
positions adjacent to the dislocation (i. e., 
i=1 in Fig. 61). 
and the peak height is given by, 
by = (n lobs) P (lo) (138) 
If all the dislocation loops of length 10 contribute to the cold work peak 
(i. e., N(10) > Nc(l0)> 1), the peak height will be independent of the 
impurity concentration, i. e., the peak will attain the saturation value. If 
only a fraction of the dislocation loops of length 1 contribute to the cold 0 
work peak (i. e., 1> N(l0) % NC(l0) ) then the peak height will increase 
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linearly with increase in impurity concentration, because addition of impurity 
atoms will render more dislocation loops of length 1o effective, i. e., the 
value of P (lo) in equation (138) will be increased. 
8.5.3x. Explanation of the Line^r Dependence of the Hydrogen_Cold Work Peak 
Height Hydrogen Concentration. 
A comparison of the experimental results between the present work(Table 
XXII) and that of Sturges (1969) indicates that the mean concentration of 
Table XXII. Comparison of the Present Experimental Conditions of Charging 
with those of Stures (1969). 
Present Work Work of Sturges 
Charging time (t) 20 hours 100 minutes 
Radius of the specimen (r) 7 thou 27 thou 
iffusion coefficient of 
0-8 cm2/sec 10 
6 
cm2/sec 
hydrogen at 3000K 
Mean concentration of hydroger Estimated 0.3 1 wt. ppm. 
wt. ppm. 
hydrogen in the specimen for the present work is 0.3 wt. ppm., if wo assume 
that J(Dt)/r can be used as a criterion for, the calculation of tho relative 
concentrations. The concontration (Cd) at the lattice positions adjacent 
to the disloccttions (i. e., i=1 in Fig. 61) is given by, 
(VRT) ca 0L 
*n 5x 10-3 for CL =3 wt. ppm. 
(139) 
This is equivalent to about 3 atoms per dislocation loop of length to (lo 
assumed equal, to 1000 Ä). The value will be much below this upper limit 
because: 
(i) The value of CL used in equation (139) should be much lower than the 
mean concentration of hydrogen (see Appendix B). 
(ii) One can expect to have a large number of short dislocation loops at 
the grain boundaries, which take up a considerable amount of hydrogen. These 
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loops are too short to contribute to the cold work peak 
(section 8.5.1. ). 
If we allow for all these factors, we may expect the average number of 
hydrogen atoms per dislocation of length 10 to be less than one. This would 
then account for the linear dependence of the cold work peak height on hydrogen 
concentration as explained in section 8.5.2. 
8.6. The Effects of Carbon on the Hydrogen Cold Work Peak. 
A comparison of the results of Gibala (1967) and Sturges & Miodownik 
(1969) 
with those from the present work allows the effects of carbon on the cold work 
peak of hydrogen to be discussed. Apparent contradictions in the behaviour 
of the hydrogen cold work peak, as reported by various research workers can 
then be explained as due to the effect of impurities other than hydrogen. 
The presence of carbon can affect the hydrogen cold work peak in three 
ways. 
(i) Changes demanded by Schoeckts model due to the presence of carbon. 
(ii) Changes in the distribution of hydrogen between the dislocation sites 
and the interstitial sites away from the. dislocations, brought about by the 
filling up of the dislocation sites by carbon atoms. 
(iii) Various indirect effects due to precipitation of carbon, interaction 
between hydrogen and carbon, and strain relief due to the presence of carbon 
atoms at the dislocation sites. 
These effects will now be discussed in some detail. At the hydrogen cold 
work peak temperature, carbon atoms are immobile and therefore act as 
pinning points on the dislocations. If the concentration of carbon atoms 
is such that the mean distance between the carbon atoms on the dislocations 
is less than the mean distance between the points of intersection of 
dislocations, the mean loop length 10 is controlled by the carbon concentration. 
Assuming 10-2 weight percent of carbon concentration is sufficient for the 
dislocations to be saturated in specimens having a dislocation density of 
about 2x 1010 per cm21 the distance between carbon atoms on the 
dislocations, for lower concentrations at equilibrium are given in Table 
XXIII (columns 2 and 3). 
Due to the high carbon concentration in the specimens used by Sturges & 
Miodownik (1967), three days of room temperature ageing after cold work 
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Table XXIII. Distance between Carbon Atc. ns on the t LL locations, nssuni. ng 
Equilibrium Distribution. 
.. 
Reference 
Sturges & 
Miodownik 
(1969). 
Gibala (1967). 
Present work 
Concentration Distance between Mean loop length 
of carbon (wto carbon atoms on assumed by the 
percent) the dislocations authors. 
(for A=2x 1010/cm2) 
o. oi8 
o. oo4 
0.002 
b 
dislocations- 
saturated with 
carbon atoms). 
2to3b 
5b 
3000 b 
345 b 
S. 
lb 
would bring the concentration of carbon at the dislocations to near 
equilibrium value ( v^ b), shown in Table XXIII. Under these conditions, 
the mean loop length appropriate to the Schoeck's theory is b. Schoock's 
theory for long loop lengths? as described in section 3.2.4. is therefore not 
applicable, because the displacements of the loops, during the measurement of 
internal friction, will be much smaller than b, the Burgers vector. The 
appropriate model applicable here is that for small displacements of 
dislocations and the peak observed is due to atomic jumps of hydrogen in 
response to the oscillating dislocations-as explained in section 3.2.5" 
Another effect to be considered in this context-is the non-availability of 
dislocation sites for the hydrogen atoms, as most of the sites are occupied 
by carbon atoms, before - the introduction of hydrogen. In this situation, 
hydrogen forming atmospheres round the dislocations may be bound to the 
carbon atoms already present at the dislocations. , 
Thus a cold work peak may 
occur due to the mechanisms similar to those suggested by Mura of al. (1963; 
section 3.2.3. ) or Ino & Sugeno (1967; section 3.2.6. ). 
The concentration of carbon used in the present work is very small 
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compared to that used by Sturges and Miodownik. Thus Ageing at room 
temperature for three days after cold work will not have much effect and one 
can assume that only a very small percentage of the carbon atoms goes to the 
dislocations. Three experimental facts may be produced to support this 
proposition: 
(i) Experimental work conducted on a specimen similar to those used by 
Sturges and Miodownik (1969) showed that, in specimens used without three 
days of room temperature ageing, the peak observed is very unstable. 
(ii) Deliberate introduction of carbon into relatively pure specimens 
showed behaviour similar to that reported by Sturges & Miodownik (see section 
6.4.2. ) 
(iii) The height of the additional carbon peak at 216°K, for relatively 
pure specimens (low carbon concentration), did not change appreciably by room 
temperature ageing, whereas for carburised specimens, the peak height 
decreased considerably by room temperature ageing. This supports the idea 
that there is no appreciable redistribution of carbon atoms between the 
dislocation sites and the interstitial sites, due to drift of carbon atoms 
towards dislocations, when the carbon concentration is low. 
These experimental results may also be supplemented by the theoretical 
prediction of Cottrell's theory, that the rate of increase of impurity 
concentration at the dislocations is proportional to the concentration in 
solid solution. 
The above arguments indicato that in the case of alloys used in the 
present experiments, the distance between the carbon atoms is not the 
controlling factor in determining 10! the mean loop length. Therefore this 
has been calculated by assuming a regular network of dislocations, giving 
10 = 1000 
a 
as a reasonable estimate for the mean dislocation loop length for 
the present work. Any inter-, action between hydrogen and carbon atoms is 
bound to affect the behaviour of the cold work peaks but the effect of the 
introduction of carbon on 10 may be assumed to have the largest effect. 
Thus it may be concluded that, for iron alloys with high carbon 
concentration, Schoeck's theory for long dislocation loops discussed in 
section 3.2.4. is not applicable to the hydrogen cold work peak, and the 
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peak temperature variation with hydrogen concentration is therefore expected 
to be different in such alloys; this conclusion is confirmed by experimental 
results. 
8.7. Effect of Cooling Rate. 
A comparison of the experimental results shows that the initial hoight of 
the hydrogen cold work peak in water quenched specimens is slightly loss than 
that in the slow cooled specimens* (Fig. 37 and 38). ' This is consistent 
with the' higher Do and Q. values for hydrogen in the water quenched 
specimens (Table XV). Those differences may be attributed to the effects 
due to changes in the dislocation structure (either dislocation geometry or 
dislocation density or both), brought about by rapid cooling. The values of 
the parameters connected with hydrogen diffusion and hydrogen dislocation 
interaction, shown in Table XXIV are only marginally affected. The 
Table XXIV. Comparison of Binding Energies to Dislocations (Q 
Activation EnerZios for Bulk Diffusion (Q), for Diffusion in Undeformod 
Lattice (Q ), and for the Cold Work Perdu for Hydrogen in Slow Cooled 
and Water Quenched Specimens % Ni-Fe). 
Specimen QB 
in k cc-, d/mole) 
Q 
(in k cal/mole) 
QDi 
(in k cal/mole) 
QD 
in k cal/mole) 
Slow cooled 7-1 9.0 1.1 1.9 
Water Quenched 7.9 10.1 1.5 2.2 
significance of such slight differences really requires more detailed 
experimental results than are available in the present study. It seems 
sufficient to indicate for the present that the cooling rate is not a vital 
factor despite some differences in the morphology (Fig. 70). 
8.8. Charncteristics of the 216°K Peak. 
In this section an attempt is made to determine the mechanism responsible 
* The cooling rate refers to the one at the end of the final. anneaa at 1000°C 
in an inert atmosphere. Slow cooled specimens are cooled inside the furnace, 
and the fast cooled ones are grater quenched. 
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N) 
h) 
Fig. 70. Microstructure of l+]io deformed j% Ni-Fe : iiioy:,. 
(a) Slow cooled (b) Water quenched. MAG. x 250. 
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for the occurrence of -the 216°K peak, previously described in section 
6.5. 
8.8.1. Agoin(; Behaviour. 
In section 6.5.3. it has been shown that the height of the 216°K peak 
increases linearly with the mean carbon concentration. The room temperature 
ageing of this pock can be explained with the following assumptions. 
(i) The peak height is proportional to the fraction of carbon atoms in 
solid solution, i. e., 
6po/6 
p=1/ 11 - W(t)] (11+0) 
whore 6po= initial peak height 
bp= peck height after time t of room temperature ageing 
W(t) = fraction carbon atoms drifted to the dislocations 
by the end of the period of ageing t. 
(ii) The ageing behaviour follows Harper's (191) empirical law: 
W(t) =I,.. exp( ., ii t2/3) 
(141) 
where kH is a constant. 
Eliminating W(t) from equations (140) and (141) and taking logarithms twice, 
we obtain, 
log In (b /b) = log kH + (2/3) log t (142) 
which explains the slope of 2/3 obtained in Fig. 71 for low values of t; for 
higher values of ageing time tj Harperts equation (141) is not obeyed and 
consequently the value of the slope deviates from 2/3. Thus the ageing 
behaviour of the 216°IC peak can be explained satisfactorily as duo to the 
depletion of carbon concentration in solid solution. 
8.8.2. Effects of Hydrogen on the 216°K Peak. 
As explained in section 6.5.5. introduction of hydrogen removes the 216°K 
peak and the eventual recovery of the peak occurs long after the disappearance 
of the hydrogen cold work peak (Fig. 46 (a) and (e) ). These effects may 
be explained on the basis of a strong interaction between hydrogen and carbon 
atoms; evidence for the existence of such an interaction may be obtained from 
a study of yield point phenomena in these alloys (see section 4.4.1. ). This 
interaction between hydrogen and carbon atoms would certainly curtail the 
movement of carbon atoms and may oven inhibit the mechanism responsible for 
the occurrence of the peak; in any case, the peak height is expected to 
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decrease. 
The delay in the recovery of the 216°K peak after the disappearance of 
the hydrogen cold work peak suggests that hydrogen atoms in the vicinity of 
the carbon atoms do not diffuse out of the specimen as fast as those bound to 
the dislocations. 
8.8.3. Conclusions. 
Peaks duo to stress induced ordering of carbon atoms in the vicinity of 
nickel atoms in iron-nickel alloys with both B. C. C. and B. C. T. structures 
have already been identified (Table IX); experiments conducted by Wert 
(1952) show that such a peak is unlikely to occur in these alloys with B. C. C. 
structure (section 5.2. ). Furthermore the fact that the 216°K peak is 
observed both in B. C. C. and F. C. C. structures at the same temperature, rules 
out the possibility of this peak being a peak due to stress induced ordering 
of carbon atoms in the vicinity of nickel atoms in the alloys with B. C. C. 
structure, As the pock height increases with an increase in the carbon 
concentration, this peak cannot be similar to any of those reported by 
Bordoni (1949; Niblett, 1966), Hasiguti (1953) or Niblett & Wilks, because 
increase in the impurity concentration always decreases the peak height in 
these cases. Out of the several other mechanisms that are available in 
literature, some of the likely ones are peaks due to precipitates, clusters 
of impurity atoms or due to the stress induced ordering of interstitial atom 
- vacancy pairs in the vicinity of substitutional atoms. The role of cold 
work in increasing the height of this peak may then be one of the following, 
depending on the mechanism of the peak: 
U) Increase in the dislocation density. 
(ii) Tearing away of dislocations from the carbon atoms, enhancing the 
number of carbon atoms in solid solution. 
(iii) Increase in the number of vacancies. 
The 216°K pock was not the main object of'the investigation, and the 
limited number of experiments conducted here are not sufficient to understand 
either the full significance of the effects of hydrogen or the mechanism 
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responsible for, the occurrence of the peak itself, despite a number of 
interesting properties obtained from such experiments (summarised in section 
6.5.6. ). 
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9. Conclusions. 
The following conclusions may be drawn from the present study of the 
hydrogen cold work peaks in iron alloys. 
1. The height of the hydrogen cold work peak is proportional to the 
mean concentration of hydrogen. 
2. The peak temperature increases with peak height in carbon free iron 
and iron-nickel alloys, but this peak temperature variation decreases markedly 
with the addition of carbon atoms. 
3. The total behaviour of hydrogen cold work peaks in iron alloys 
closely follows the model proposed by Schoeck (1963). Discrepancies 
reported by various research workers, in the peak temperature variation can 
be largely attributed to differences in the carbon concentration of the various 
specimens used. 
4. Measurements of the hydrogen cold work peak height with thermal 
cyling experiments have been used to calculate the hydrogen diffusion 
coefficients at different temperatures and yield activation energies for bulk 
diffusion (9.5 ±1k cal/mole), for diffusion in undeformed lattice 
(2.0 + 0.5 k cal/mole), for the hydrogen cold work peak (1.3 + 0.5 k cal/mole) 
and the binding energy of hydrogen to dislocations (7.5 + 0.5 k Ca']/pole), 
5. Measurements of diffusion coefficients of hydrogen using mass 
spectrometer confirm that tho decrease in the hydrogen cold work peak hoight 
during thermal cycling experiments is due to the diffusion of hydrogen out of 
the specimen. Tho diffusion coefficients measured by this mothod agree with 
those calculated from cold work peak height measurements. 
6. Detailed consideration of the mechanism for the cold work peal: loads 
to values of the peak broadening of about 0-21 which gives further confirmation 
of the validity of Schoeck's theory. With this new approach to the mechanism 
for the cold work peaks higher values of peak broadening parameter, previously 
reported by Gibala have been re-interpreted, and shown to fall in the same 
range, 0-2. 
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7. Thel, Cooling rate of the specimen at the end of the final anneal 
is found to have little effect on the main characterisitcs of the 
hydrogen cold work peak. 
8. A hitherto unreported peak has been detected at 216°K in iron- 
nickel-carbon alloys. The height of this peak is sensitive to nickel 
and carbon concentration, amount of cold work and room temperature ageing. 
9. A study of the 216°K peak in hydrogen charged iron-nickel-carbon 
alloys indicates that there is a strong interaction between carbon and 
hydrogen atoms in these alloys. 
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10. Suggestions for Future Work. 
1. The present series of experiments on the hydrogen cold work is carried 
out with constant cold work; it would be interesting to see if the same 
conclusions can be drawn from a similar study with varying amounts of cold 
work. 
2. The present work is largely restricted to hydrogen cold work peak 
measurements on 3% Ni.. 'e alloys; an extension of this work to alloys 
containing different amounts of nickel and carbon may be used to study the 
effects of substitutional and interstitial impurities on various parameters 
connected with the diffusion of hydrogen in these alloys. However, the 
ranges of nickel and carbon concentration are limited, due to the occurrence 
of F. C. C. structure at higher nickel and carbon contents. 
3. Although Schoeckts theory has been explored in detail, no comparable 
theoretical study on the basis of Kbsterts model has been carried out. Such 
a study with reasonable assumptions as to the nature of atomic jumps, may be 
carried out to determine the expected variation of peak temperature with peak 
height. It would be interesting to compare the experimental peak broadening 
with that predicted by Kbsterts model. 
4. A theoretical study of the effect of the redistribution of hydrogen 
while the specimen is being heated can be used to verify quantitatively the 
present ideas about the broadening of the hydrogen cold work peak; the present 
work deals with the limiting cases, namely instantaneous redistribution of 
hydrogen and frozen state. 
5. A great deal of work remains to be done on the 216°peak; F a:, atudy of thiG 
peak with respect to changes in nickel concentration, carbon concentration, 
cold work, heat treatment and ageing treatment may lead to a better 
understanding of the mechanism responsible for the occurrence of the peak. 
6. It would also be interesting to measure the height of the 216°K peaks 
while the specimen is cooling from room temperature, to determine whether the 
peak is due to some sort of structural transformation rather than a relaxation 
process. 
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Appendices 
Appendix A. Graphical method for the calculation of the Effective 
Time of Ageing. 
When a specimen is to be aged at a temperature TM, it has to be heated 
to that temperature, to begin with. A time t* at TM, equivalent to the 
time spent at different temperatures while the specimen is being heated, can 
be calculated in the following manner. 
It can be shown (Cranks 1956) that, 
tf 
D(TM) t* =f D(T) dt 
0 
(Al) 
where D(TM) = diffusion coefficient at TM K 
D(T) = diffusion coefficient at T°K 
t_ time at which the temperature is T°K 
t' = total time of ageing. 
Equation (Al) is valid only if 
(i) The ageing process under consideration is diffusion controlled 
(ii) The diffusion coefficient can be written as a function of time 
only. 
For the present case of diffusion of hydrogen, we can write, 
D(TM) =D oxp ( -4ý1) 
and D(T) =D exp ( ". Q/RT) 
where Do = constant 
activation onergy for bulk diffusion 
R= universal gas constant 
The temperature T can be recorded as a function of time from experimental 
observations, and therefore, the diffusion coefficient can be treated as a 
function of time only. Thus equation (Al) is applicable to the present 
case; i. e., ti 
D exp ý -Q/R'1'r, Z) t* = Do 
s 
©xp (-Q/RT ) dt 
0 
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ti 
i. e. ý t* _ exp E(Q/RTM) -- (Q/RT] dt (A2) 
0 
Analytical solution of the above equation is impossible except in special 
cases (Armstrong, 1958). Temperature readings taken during the heating up 
of the specimen can be used to obtain a graphical solution for t*. A 
typical plot of exp 
E(Q/RTM) 
- (Q/RT)3 vs time is shown in Fig. Al. 
The area under the curve gives t*j the effective ageing time. Using the 
temperature readings taken during the ageing treatment, numerical 
calculation of the integral in equation (A2) can be carried out using a 
computer. In the present works such a calculation is incorporated in the 
programme developed for the calculation of the activation energy Q for 
bulk diffusion (see section 8.1.3. and Fig. 56). 
I 
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Appendix B. Relationship between the Moan Concentration, Concentration 
at the Interstitial Sites and the Concentration at the Dislocation Sites. 
The presence of dislocations in a metal increases the overall solubility 
of impurity atoms. Under thermal equilibrium, stable concentration gradients 
are set up inside the metal, and there is a relationship between the lattice 
concentration CLI the mean concentration ý and the concentration at the 
dislocation sites Cd. However, it is impossible to solve this problem for 
a real metal because, 
(i) The geometrical arrangement of the dislocations cannot be specified 
unambiguously, and some sort of assumptions have to be made about the 
arrangement of dislocations 
(ii) The nature of the dislocation impurity atom interaction is not 
completely understood 
(iii) Analytical solutions cannot be obtained without making some 
simplifying assumptions. 
Nevertheless, it is worthwhile examining a method whereby approximate 
values may be obtained. 
Assumed Model. 
(1) The operative dislocation sites are assumed to be at a distance r0 
(A 2 R) from the core of the dislocations, these being the positions 
corresponding to the maximum binding energy (QB); a similar model (Fig. Bl) 
has been used by Bullough & Newman (1959). 
(2) An effective radius of influence (R around a dislocation is 
defined in such a way that a cylinder of this radius surrounding the 
dislocations covers the whole volume of the metal. From Fig. B21 it is 
obvious that, for a length A of dislocation line per unit volume, 
1L R2 :1 
0 
i. e., Re = 1/j ('n A) (Bl) 
This method of calculation makes R0 independent of the dislocation structure 
181. 
Fig. B1. Model of the potential. barriers for a hydrogen atom around an 
edge dislocation. 
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183. 
and depend only on the dislocation density A. However this would 
lead to overlap of the volumes of influence of different dislocations at 
some plzcos, whereas at other places some volumes are not covered by any 
dislocations at all; the net effect on the estimated concentrations due 
to theso errors may be assumed to be negligible. (Interaction between 
dislocations is taken into account to the extent that the effect of any 
dislocation is assumed to be zero beyond a distance Re from the core of 
the dislocations). 
(3) The effect of other defects is assumed to be negligible. 
(4) The binding energy Qr of impurity atoms is assumed to be 
inversely proportional to the distance from the dislocation and the angular 
variation is neglected, i. e., 
Or = O'Bro/r (B2) 
More accurate calculations can be made taking into account the angular 
variation of the binding energyt but the calculations would then involve a 
more complicated double integration. 
(5) 
i. e. l 
The concentration at the dislocation sites is given by, 
Cd/(1 - (3d) = CL exp(QB/RT) (B3) 
Cd = CL exp(QB/RT)/{1 + CL exp (%/RTI (B4) 
where CL = concentration of the impurity atoms far away from the 
dislocation core (i. e., the lattice concentration) 
T= temperature on tho absolute scale. 
Calculations. 
The number dNr of sites contained between cylinders of radii r and 
r+ dr surrounding the dislocations is given by 
dNr = (2nr dr) A (1/b3) 05) 
assuming the distance between the sites to be b (the Burgers vector). Of 
these, if dnr is the number of filled sites, the concentration of solute 
atoms (in atomic fraction) Cr is given by, 
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Cr = dnr/dNr 
An equation similar to (B4) can be written for Cr, 
(B6) 
Cr = CL exp (Qr/RT )/ 11 + CL exp (Q., /RT )J (B? ) 
Using er.: ations (B5), (B6) end (B7), we can write for the total number r 
of impurity atom per unit volume as, 
Re 
nr - ý2itr dr (, k /b3) CL exp (Q, ý, 
/RT )/ Ll + CL exp (Qr/RT] (B8) 
r 0 
and the total number of available sites per unit volume is given by, 
R 
e 
Nr =E Mr 
r 0 
Substituting for dN 
r- 
from equation (B5), the above equation can be 
simplified: 
Nr = (nA/b3) (ße - r2) (B9) 
The mean concentration C is given by, 
C= nr/'Nr 
Using equations (B2), (B8) and (B9) this may be further simplified, 
CL/(RQ rö) r exp (QBro/ L 
rRTj )/ 
[3. + CL exp ( QBro/(rR3dr 
(B10) 
R 
r 
0 
with Re given by equation (Bl). Thus, the ratio of mean concentration to 
lattice concentration may be calculated by graphical integration from a 
knowledge of the binding energy (QB)I the dislocation density (A) and the 
temperature (T) for any value of CLI the lattice concentration. When the 
solute concentration is low, so that the concentration at the dislocation 
sites is small compared to unity, equation (B3) can be rewritten as, 
Cd = CL exp(Q, B/RT) 
(Bll) 
and equation (B10) simplifies to 
R 
0 
C/CL ý (R2 e .» rö 
2)-l Cr exp ( QBro/ IrRT) ) dr (B12) 
r 0 
188. 
The ratio of C to CL is independent of CL in this case, whereas the 
accurate value of this ratio, given by equation (B10), is dependent on 
CL, th:, lattice concentration. 
Figures (B3), (B4) and (B5) show the variation of the ratios C/CL and 
. Cd/CL for some typical values of the various parameters involved. 
Furthermore, figures (B4) and (B5) illustrate that the approximate equation 
(Bil) gives vastly erroneous results, if used for near saturation 
concentration of the solute atoms at the dislocation sites. 
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Appendix C. List of Computer Progrrmmes Developed. 
(1) Least squ^re analysis for straight lines, giving estimates of 
errors in slope and intercept, and correlation coefficient; graph 
plotti,: programme to draw the points and the line corresponding to the 
least squcre analysis fit. 
(2) Calculation of logarithmic decrement from measured values of 
initial and final values of the amplitude of torsional oscillation; graph 
plotting programme to plot logarithmic decrement vs temperature. 
(3) Programme to calculate and plot normalised logarithmic decrement 
as a function of xt 
[ (Q/2.303)/(1/T - l/Tp) . 
(4) Calculation and tabulation of f2(x, ß)/f2(0, ß) as a function of x 
for different values of ß1 using the following equation: 
f2(x, ß) = (24-0 "1 exp(- u2) sech(x + uß) du (Cl) 
.V 
do 
(5) Calculation of ßi tho peals broadening parameter, as a function 
of temperature (T), for given values of the logarithmic decrement (6), the 
peak height (bp)! the peak temperaturo (TT)Y and the activation energy (Q)s 
using equation (Cl) and 
b/bp = f2(xlß)/f2(030 
x= (Q/R)(1/-V M l/ T) 
(6) Calculation and tabulation of Schoeck integral (I) as a 
function of co I 
I= (z) z5 err/ + (wrr)2zI dz 
0 
for (z) = errs(- z) 
and (z) =( li/1C-'ý) C7CP ( ""1: 
2z2 ) 
190. 
(7) Calculation of logarithmic decrement values as a function of 
temperature, for the cold work peak based on Schoeck's model, for 
differ, zt values of the peelt temperature, peak height, and activation 
energy. 
(C Iterative method for the calculation of the activation energy for 
bulk diffusion using cold work peak measurements (see Fig. 56). 
(9) Calculation of the amount of hydrogen diffused out of the 
specimens at any given temperature, using mass spectrometer readings 
(see section 7.2.2. ). 
(10) Tabulation of the mo n concentration (C) and the concentration 
at the dislocation sites (Cd) for impurity atoms, as a function of 
the dislocation density (A ), binding energy (QB)j temperature (T) 
and the lattice concentration (CL). (See Appendix B). 
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